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Preface

The work described in this Report was performed under the cog.. —ance of the
Mariner Mars 1971 Project.

This fve-volume document constitutes the Mariner Mars 1971 Project Final
Report. Volume | consists of Project development through launch and trajectory-
correction mancuser. Volume 11 presents the preliminary science results derived
from data evaluation to December 14, 1971, (The information contained in Vol-
ume I has appeared in Science, Vol. 175, January 1972.) Volume 111 describes the
Mission Operations System and covers flight operations after trajectory-correction
mancuver through the standard orbital mission up to the onset of solar occultations
in April 1972. Volume IV consists of the science results derived from the standard
orbital mission and some preliminary interpretations of the data obtained
from the extended mission. Volume V is an evaluation of mission success based
apon comparisons of science results with the experiment objectives.

Detailed information on Project organization, Project policies and requirements,
subsystem development. and other technical subjects has been excluded from the
Project Final Report volumes. Where appropriate, reference is made to the JPL
informal documentation containing this information. The development of most
Mariner 9 subsystems is documented in JPL Technical Memorandums.
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Abstract

tie

= . This Technical Report contains scivnee results from the mission of Mariner 9.
the first planctary orbiting spacecraft. Mariner 9 was inserted into Mars orbit on
November 14, 1971, and expired on October 27, 1972, A suinmary of significant
mission events is also included.

KA

o Muariner 9 observed the impact-cratered surface of Mars, discovered volcanic
-~ mountams. rift valleys, tectonic faults, and various types of terrain showing

evidence of fluvial and wind crosion. It recorded an atmosphere with a complex
meteorslogy of clouds. storms, and weather fronts; and photographed Phobos and
Deimos, the two satellites of Mars. Tae results of analyses derived from these
observations are presented in this Report. They have been written by mndividual
experimenters or by members of the experiment teams and represent analysis
cfforts through November 1972
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PRECEDING PAGY BLANK NOT ¥1I MED

Note to Data Users

National Acronautics and Space Administration (NASA)Y policy requires that
evperimental data acquired from NASA-sponsored missions be deposited in the
National Space Science Data Center' (NSSDCY. These data are then available
to the general science user at distribution costs determined by NSSDC. The con-
tent of the filed data is negotiated with cach experiment’s Principal Investigator
and is dependent on the instrumentation used. Generally. the attempt is to store
the received experimen. dl dati, after processing to remove instrumental distor-
tions and cffects. Results of analysis are not maintained at NSSDC. Inquiries
regarding the specific nature of the Mariner 9 data available should be made to
NSSDC.

More explicit guidance can be given for the Mariner 9 television picturcs,
especially with respect to the material used in this Report. The pictures are
derived from five processing sources:

(1) Real time during operations (MTVS, JPL).

{21 Reduced Data Record (RDR: Image Processing Laboratory, JPL).

(3} Rectified and Scaled (R&S: Image Processing Laboratory, JPL).

(4) Experimenter Analysis Support (EAS: Image Processing Laboratory, JPL).

(3} Special Processing (AlL: Artificial Intclligence Laboratory, Stanford Uni-
versity).

The first two listed items (MTVS, RDR) for Mariner 9 pictures are available from
NSSDC with supporting data primarily describing the location of the pictures,
The R&S products were made only for “Mapping A frames™ (wide-angle camera
pictures) and selected “B frames™ (narrow-angle camera pictures). These are also
available from NSSDC. EAS and AIL processing, by their nature, are specialized
to assist analysis. For genceral distribution cach picture would require an extensive
description to clarify the processing, its intent, and cautions for interpretation.
Therefore, EAS and AlL processed pictures are not stored at NSSDC. Users wish-
ing copics of such material should communicate directly with the responsible
author.

Finally, some remarks about identification. Because of the large number of
pictures and the many processed versions, a specific identification method was
devised for ordering copics from NSSDC and for references. The picture identi-
fication must include (a) and cither (b) or (¢) including the designation MTVS
or RDii or EAS, etc.

(a) DAS Time, an 8 digit number between 1491,192 and 13,511,828. This
number is derived from a spacecraft clock and is cormmon to all versions of the
same picture. It is also used to identify the supporting data and to currelate with
data from other Mariner 9 instruments.

National Space Science Data Center

National Aeronautics and Space Administration
Goddard Space Flight Center

Greenbelt, Maryland 20771
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th' MTVS Roll and File Number. of the form xxxx-xx. The first fovr digits are

the MTVS 1oll number and are normally umque for each orbit. The numbers

were controfled by the acquisition sequence of the spacecraft operation. The

‘ remaining digits are the file munber or sequential position in the roll where a
particular version of a picture can be found.

(¢t RDR. R&S. EAS. and ALL products are identificd by an Image Processing
Laboratory (IPL) roll and process time of the form “roll number given,” numerical
. month, day. year and time of day hours. minutes. seconds in 24-hour tune),
) Similar to the MTVS identifier. the IPL roll number identifies the picture roll,
- and the process time indicates the sequential positicn within the roll. However,

the ordering of pictures and the numbering are controlled by the processing
- sequence requested and have no formal relation to the MTVS or spacecraft
- acquisition sequence.

.t

- More detailed information describing the Mariner 9 mission. data acquisition.

’ and data prucessing, especially for the television imagery, can be found in Veol-
umes 1. II, and Volume 11 Addendum. of the Mariner Mars 1971 Telecision
Picture Catalog. JPL Technical Memorandum 33-585. Questions regarding the
availability and distribution of this Catalog should be addressed to NSSDC.
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tMaterial printed in Journal of Geophysical Researeh. Vol 78, 1973

l. An Overview of Geologic Results From Mariner 9'

Harold Masursky
U. S. Geological Survey, Flagstaff, Arizona 86001

A. Introduction and Mission Summary

This scction provides a summary of Mariner 9 mission
operations insofar as they affected acquisition of geologic
data. Selected results with a minimum of supporting evi-
dence are presented to give. as briefly as possible, the
geologic highlights of the mission. More detailed dis-
cussions of various regional and topical problems are
given in other sections by various members of the Tele-
vision Tecam.?* Also included are hypotheses inferred from
preliminary cvidence, but which will have to await the
test of later geologic mapping and detailed topical
studies These hypotheses are included to call attention
to areas in which potentially valuable work can be per-
forraed. It should be emphasized that many of the obser-
vations and hypotheses given have developed during
discussions with many of the members of the Television
Team. My purposc here is to attempt a first distillation
from the cnormous body of facts and theory generated
by the mission as a guide to thc othe- sections in this
Report and to present the most salient geologic results
that distingaish Mars as a planet bota from Earth and
the Mo. .

Mariner 9 wa: launched from Cape Kennedy on May
30, 1971, and was inserted into Mars orbit on November
13 (UT); the spacecraft continued to take pictures

1Publication authrized by the Director, U.S. Geological Survey.
tMembers of the Jeam are: H. Masursky (leader), D. Arthur, R.
Batson, W. Borgeson, G. Briggs, M. Carr, P. Chandeysson, J. Cutts,
M. Davies, G. de Vaucouleurs, W. Hartmann, ]J. Lederberg, R.
Leighton, C. Leovy, E. Levinthal, J. McCauley, D. Milton, B.
Muray, ]. Pollack, C. Sagan, R. Sharp, E. Shipley, B. Smith, L.
Soderblom, ). Veverka, R. Wildey, D. Wilkelms, A. Young.
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and to make measurements until October 27, 1972, More
than 34 billion bits of information were transmitted to
Earth. More than 7300 pictures were taken of Mary and
its satellites, about 1300 pictures of the planet were
obtained by the 50-mm focal-length, wide-angle tele-
vision camera, which has a resolution of 1 to 3 km (Ref.
I-1). These pictures have been miosaicked into a pre-
liminary map of the entire surface of Mars at a scale
of 1:25000.000; a preliminary shaded relief map, the
first detailed complete map of Mars, has been published
at the same scale (Ref. I-2).

The narrow-angle camera (300-mm focal length) ac-
quired high-resolution pictures (100 to 300 m) of be-
tween 1 and 2% of ilie surface. Geodesy pictures taken
by the wide-angle camera from higher altitudes cover
most of the southern hemisphere. These low-resolution
pictures (4 to 9 km) were taken to provide control points
for maps to be made from the high-resolution pictures.
Thirty photomosaic raps at a scale of 1:3,000,000 also
have been made for preliminary analysis and plotting
of various types of data; later editions, based on improved
control and use of enhanced pictures, have heen made
(Ref. 1-3; also see Section XXXXIII of this Report); final
maps will be made over the next several years.

Many pictures were taken to show time variations
in cloud cover, polar cap frost, and light and dark sur-
face markings (Ref. 1-4; also see Section XIII of this
Report) on the planet. The infrared interferometer spec-
trometer (Ref. I.5) and ultraviolet spectrometer (Refs.
1-8 and 1.7), in addition to acquiring the atmospheric
data, made pressure measurcments from which the
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cartographers wiil attenipt to compare dntegrated  con-
tour maps tied to occultation measurements (Refs. 1-5
and 19, also see Scetion NNXVI of this Report) and
Earth-based radar (Refs. 1-100 and  [-11). Systematic
geologic mappmg will be pertormed on the final carto-
graphic products. Rectification, scaling. and additional
enhancement of pictures and their integration with nu-
merical results from the other experiments, such as gravity
measurements provided by the celestial mechanics ex-
perimenters (Ref. 1120, will allow more sophisticated
analvsis, particularly about the thickness aud density of
the crust.

Because Mars is a low-contrast object, the pictures
must be extensivel  computer-enhanced to bring out
sutface detail. Suppression of clectronic noise in the
television subsvstera and upgrading of enhuieement
techniques. especially early in the mission when dust
obscured the surface. allowed the image detaill to be

made visible « Ref. I-13),

With the loss of Mariner S. extensively pre-planned
different. but complementary. objectives established for
both spacecraft had to be integrated into @ new mission
plan for Mariner 9. On the arrival of Mariner 9 at
Mars, the planet-wide dust storm that had been ob-
served in late September was still raging (Ref. 1-14)
so that this complex post-Jaunch mission plan also had
to be abandoned Reconnaissance pictures were taken
until January 1 when the dust storm subsided sufficiently
to begin mapping sequences along with selected pictures
ta :en for geodesy, variable features, atmosphere, and
s¢ ellite studies. This mode continued with numerous
successive modifications brought on by operational con-
straints until 709 of the planet had been mapped.

After a period of 2 months, when pictures could not
be taken because of solar occultation, the mapping mis-
sion was resumed. During this period the northern spring
season progressed, and the north polar hood had dis-
appeared. Two new stars (Arcturus and Vega) were
used for the first time in any space program to orient
the spacecraft in more favorablc picture-taking attitudes,
thus allowing the remaining 30% of the planet in the
northern hemisphere to be mapped. Some candidate
landing sites for the Viking Program (Ref. I-15) also
were photographed. After another interruption of 6
weeks during superior conjunction (Mars and the space-
craft passed behind the Sun), the final extended mission
picture sequences were taken to fill gaps in the photo-
graphic coverage, to photograph areas of special interest,

2

to tonitor the ratreat of the north polar cap (Ref.
1161, and to «tudy cloud formation over the voleanic
constructs such as Nix Olympia (Ref. I-17).

B. Volcanic Features

The first features that emerged through the dust pall
that blanketed the planct were four dark spots visible
in high-altitude reconnaissance pictures, these  spots
later proved to be the four highest peaks on the planet.
cach of which is surmounted by a summit crater or
complex of craters (Ref. 1-18; Figure 1 of Ref. 1-19).
Gradual atmospheric clearing revealed first the full extent
of the great voleanie pile of Niv Olympica. which rises
high above the Amazonis basin floor (Figure 10 of Ref.
1-20; Ref. 1-21), (Estimates of its height by various meth-
ads of altimetry vary from 8 to 27 km.) This single vol-
canic cdifice is abont twice as wide as the largest of the
Hawaiian volcanic pile and is about equal in volume to
the total cextrusive mass of the Hawaiian Islands chain.
The form of the flank flows and of the lava channels with
natural levees is strikingly similar to those of Hawaii
and the Gulapagos. suggesting that the flows may be
basaltic in composition as on these comparable terrestrial
structures (Refs. I-19 and 1-22).

The three other volcanoes, also of surprisingly large
size. lie along the Tharsis ridge. The summit of South
Spot, from current altimetry data, lies more than 17 km
above the floor of the Amazonis basin to the west. This
estimated clevation difference almost equals the maxi-
mum relicf on Earth, which amounts to about 20 km.
The lava flows that radiate from the summit caldera
of South Spot arc not long and thin as are those of Nix
Olympica, but rather are short and stubby (Refs. 1-19
and 1-21: also sce Section 11 of this Report). This differ-
ence in form suggests probable differences in the com-
position of the flank flows. Those of South Spot are
clearly less fluid than those of Nix Olympica and may
be more silicic, possibly andesitic in composition. Short
stubby flows of similar appearance are common in the
upper parts of some continental volcanoes such as Mt.
Hood and Mt. Rainier.

It is possible that variation in temperature and gas
content could account for these differences in flow
morphology, rather than a difference in original composi-
tion. The lack of craters and the morphologic crispness
of the lava flows indicate that the upper layers of these
large volcanoes are relatively young geologically, what-
ever theit composition. The discovery of geologically
youthful, large volcanic structures indicates that Mars
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Las bhean mternally active, These features also provide a

plansibic source tor much ot the carbon dionide and

viater e the atmosphere.

The Amazonis basin foor is covered in many places
by a succession of lobate-tror ¢ flows (Fig. 1-1a that
resemble terrestiial basalt Hows and the basalt flows that
filt the mare basins on the Moon  Figs. 11 and 1-1¢.

Fig. I-1a. Lobate lava flow front on basin ficor similar to basaltic
flows on Earth and the Moon. (MTVS 4179-30, DAS 06966613)
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Fig. I-1b. Lunar Orbiter V photograph showing tobate flow front
on the Moon in the central part of the imbrium basin. Similar
fiows collected at the Apolio landing site qre basaltic in com-
position.
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Fig. I-1c. Elongate lava flows in northern Oceanus Procellarum
photographed by the metric camera on Apolio 15.

Low are-type domes with summit craters resemble
basaltic shiceld volcanoes common on both Earth and the
Moon. Domes of this type are scattered over the basin
floors in the Amazonis and Elysium regions (Refs. 1-20
and 1-21: also see Section I of this Report).

In some areas the plains are slightly uplifted and trans-
sccted by faults. Some of these closcly spaced horsts and
graben are modified, often assuming a strecamlined ap-
pearance attributed to the long-term effects of eolian
crosion (Figs. 2a. 2b of Ref. 1-23; also see Figs. X-2a and
X-2b of this Report). Craters are more abundant in these
structured terrains than on unfaulted plains; the most
obvious of these faulted areas forms a large aureole
around Nix Olympica. These rocks may represent an
carlier generation of lava flows related to ancestral Nix
Olympica volcanism (Ref. 1-21: also see Section I of
this Report).

Another type of volcanic feature is exemplified in the
Hesperia region (22°S, 253°W; sce Ref. 1-19). This fea-
ture is characterized by a line of calderas in the center
of a pattcin of circular and radiating faults and channels
with irrezularly distributed volcanic blankets. This un-
usual feature lies within an area of plains, and no large
volcanic pile or constructional edifice is evident (Ref.
I-24; also sec Section 1V of this Report). The channels
closely resemble terrestrial and lunar lava channels.
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Fig. |-2a. Mosaic of wide-angle pictures showing complex of
faults surrounding the volcanic structure in the Alba region. it
resembles terrestrial volcanic complexes with central cauldrons.
(MTVS 4224-63, DAS 08443019; MTVS 4222-69, DAS 08371134;
MTVS 4222-57, DAS 08370854)

Another example of a volcanic feature lies in the Alba
region (40°N, 110°W: Fig. 1-2a). Herc an array of
faults encircles a large depression in the central part of
a very low prominence, This depression resembles a
cauldron rather than u caldera. The morphology of these
deposits and their relation to the tectonic features re-
semble those of *crrestrial intracontinental volcanic cen-
ters such as those of Scotland (Refs, 1-25 through 1-27);
Norway (Ref. 1-28); New England (Ref. 1-29); and
Africa (Ref. 1-3() that contain more differentiated rocks
of more variable composition than flood basalts and
shicld volcanoces. These terrestrial volcanic centers, when
deeply eroded, commonly display ring and radial dikes,
cone sheets, and cvidence of cauldron subsidence.

Three other types of volcanic features are well de-
veloped. The first is typified by lines of craters 2 to 10
km in diameter along structural breaks parallel to major
graben (Figs. 25 and 26 of Ref. I-20). Lines of volcanic

R - . e ‘-',‘2.;_‘ ¥ &

Fig. 1-2b. Polygonally broken filling of crater cut by fault; in-
ferred to be voicanic filling. Resembies terrestrial lava lakes that
have solidified. (MTVS 4174-27, DAS 06822588)

vents such as the craters along the southwest rift zone
of Mauna Loa, Hawaii (Ref. [-31) are common in ter-
restrial arcas with a similar structural pattern. The sce-
ond type, which occurs in the Hoors of some Martian
craters (Fig. 1-2b) along fault zones, consists of poly-
gonal Llocks segmenting what appear to be trozen lava
lakes in pit craters like those near the summit of Kilanea,
Hawaii. Craters of this tyvpe also occur on the Moon,
where they have been called “turtleback™ eraters (Fig.
I-2¢). The third type of volcanic feature consists of
complex ridges that are commonly steeper on one side
(Figs. I-3a and I-3b). They occur in areas where lobate
flow fronts and broad low domes imply basaltic vol-
canism. They resemble the lunar mare ridges that are
interpreted as faults along which basaltic lava has
squeczed upward. Similar squeezeups are common on
terrestrial basalt flows, but on a much smallei scale,

C. Tectonic Features

Sloping eastward from the Tharsis ridge crest is a
large equatorial plateau or tableland. This plateau is
broken by three sets of fractures trending east-west,
northwest, and northeast. The paucity of craters indicates
that the rocks underlying the plateau are geologically
voung. East of the mosaic of fault blocks, the graben
between blocks coalesce into the great equatorial canyon
or rift valley system (Fig. I-4), 6 km deep in places, that
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Fig. I-2c. “Turtieback” lunar crater near crater Tycho photo-
graphed by Lunar Orbiter V; inferred to be volcanic filling of
crater.

Fig. 1-3b, Narrow-angle view of Midd'e Spot showing radiating
fracture with accompanying extrusives similar to lunar mare
ridges. (MTVS 4096-81, DAS 04402170)

Fig. I-3a. Wide-angle view of Middle Spot caldera.
(MTVS 4081-3, DAS 03930239)

extends almost 5000 km to the east (Fig. I-5a). Some
volcanism associated with the inferred faulting that initi-
ated these unanticipat *'d Martian structures is suggested
by the previously mentioned lines of craters along frac-
tures parallel ro the main rift valley system. These chain
craters, however, lack obvious rim deposits and alterna-
tively could be the product of collapse of surficial ma-
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Fig. 1-3c. Complex fracture with extrusives on floor of the
Amazonis basin. (MTVS 4287-15, DAS 11443439)

terials into subsurface fissures. The steep lateral valleys
in places appear to be debris channels for mass wasted
material. In other channels there are closcd depressions
that may be degraded voleanic vents, The upper reaches
of tne shallow sinuous valleys along the southern margin
of the rift valley system appear to require formational
processes other than mass wasting (Ref. 1-32).
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Fig. -4, Mosaic of Mariner 9 wide-angie pictures of rift valiey system showing termination
in the fault complex at the west end where the area stands highest.

Along the cliffs bounding the high plateau, layers and
deposits arc exposed which average about 100 m in thick-
ness. The uppermost layer usually scems to be the most
resistant and forms a rocky rim. The rocks may be
volcanic, as they lic adjacent to the lines of craters that
could be feeder vents. In places, markedly eroded layers
are visible within the canyon floors, and many layers of
light and dark rocks are exposed (Fig. I-5b). The layers
within these presumed valley £l deposits do not seem
to match the more obscure and massive layering in the
canyon walls; thus, these more finely layered deposits
could represent earlier generations of valley £l now
being stripped out by erosion. In many areas the cliffs
are bordered by masses of debris that apparently have
slid into Gie adjacent lowlands. In other areas the ma-
terial retains its coherence and descends in a serics of
terraces that are similar in appearance to the chaotic
terrain described in pictures taken by Mariners 6 and 7
(Refs. 1-33 and 1-34; also see Section VI of this Report).

6

D. Channels

Emerging from the northern plateau lands, a complex
array of broad, sinuous -hanncls descends into a region-
ally depressed area (Figs. I-6a and I-6b). As the chan-
nels merge on the border of the Hat, low Chryse area,
the chaanel floors show multiple braided channels and
streamlined islands (Fig. 1-6¢) that confirm the north-
ward direction of flow consistent with the regional slope
of the surtuce determined from infrared and ultraviolet
spectral data,

Lying on the level, high platcau surface are other
channels; these arc sinuous and have many tributaries
(Refs. 1-35 through I-37; also see Section III of this
Report). These channelc descend to the cast and north,
becoming broader and more cleatly defined. The tribu-
taries and the form of the braided channels are nnlike
those of terrestrial and lunar volcanic sinuous rilles, and
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Fig. I-5a. Inferred elevation profile across rift vailey system using pressure measurements made by the ultraviolet spectromete:.

closely resemible terrestrial intermittent stream channels.
Their form and degree of freshness strongly suggest flow
of liquid water in the recent geologic past of Mars (Fig.
I-7).

Some channels originate in great masses of hummocky
to broken, slabby aterial ot the base of cliffs, ind may
be related in origin to this chaotic terrain as proposed
by McCauley et al. (Ref. 1-20) and Masursky et al. (Ref.
1-19). Sharp ct al. (Ref. 1-33) proposed, from the Mar-
iner 6 and 7 pictures, that the collapse of these rocks
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and formation of large-scale landslides may be caused
by melting of permafrcst. The more extensive photo-
graphic coverage leads to the logical extension of the
permafrost proposal; that is, water derived trom the
melting of the permufrost seeped out from under the
slides, formed the broad :inuous channels, and flowed
into the northern lowlands. The only terrestrial analogs
to these enormous channels, which are 30 to 60 ki wide.
are the Chauneled Scablands of the Columbia plateau in
the United States and the sandur plains (glacial out-
wash) of Iceland, which fringe the large glaciers (Ref.
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Fig. :-5b. Light and dark layers in equatorial 20ne; yers do not
.. i5n. . in N z s do Fig. I-6b. Wide-angie picture showing channel! and landslide
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aow besng stripped by erosion. (MTVS 4782.11. DAS 10492589) debris. (MTVS 4201-60, DAS: 07586808)
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- R Fig. 1-6¢. Braided channel with its source near the toe of a
. A - . hummocky debris landslide. (MTVS 4206-63, DAS 07830588)
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’ ;| i s Y . . 1-37; also sce Section HI of this Report). In both areas,
?‘_ z o ﬁ"" AN fb"}: “% "1 great volumes of glacial meltwater result in torrential
a ¥,‘€ L . Lo 0 ®3.0  floods with accompanying fuvial crosion and de-
gl c %“Vh-‘a" . ®p * position.
:‘; e . i N ~ Crd
) I . . Two proposals have been made to account for the

melting of permafrost over large areas. The first hypo-

chonnsls emerging from bese of landslide debris and flowing  thesis is that local heating by volcanic activity would
nerth into the lowlsnd, mobilize the fluids; the second proposes planet-widr
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Fig. I-7. Map showing distribution of three fiuvial-type channels on Mars.

heating as a result of secular or cyclical changes in clim-
ate. A climate interglacial episode conceivably cculd melt
the permafrost in the large equatorial region and thus
be the cause not only of the chaotic terrain, but also of
the channels.

Somewhat different, very sinuous valleys with many
tributaries lic on the high-level plateau surface in the
Rasena, Mare Erythrazum, and Memnonia regions. The
channels with braided floors descend to the east and
north, becoming breader and more cleariy defined (Ref.
1-32). They apparently are formed by a different process
than the broad, chaos-related channels. Their primary
and secondary tributaries, dendritic patterns, and lack
of apparent source areas seem to require rainfall collected
into integrated channels along with both surface erosion
and deposition in alluvial basins.

Another type of channel is widespread in the anciert
cratered terrain as near Siaus Sabaeus (8°S, 334°W).
Complex networks of tiny coalescent channels run down

JPL TECHNICAL REPORT 32-18%0, VOL. W

the sides of many craters. Their origin is not unequivocal,
but they also resemble fluvial channels and imply forma-
tion of precipitation collection. If this origin is correct,
widespread rainfall is necessary to feed the channels.
The occu:rence of the channels in the equatorial zone
suggests that only a slight temperature rise would be
necessary tc produce liquid water there if the water par-
tial pressure were to be raised at the same time. An
“interglacial” episode that melted the polar caps and
planet-wide permafrost should be adequate to allow
flowing water to exist in the equatorial zone on the
surface of Mars.

Another type of channel is associated with volcanic
centers (Fig. I-8a). The channels start on the flanks of
volcanic craters and are less well defined downstream.
This relationship is the opposite of that generally ob-
served in fluvial channels. These features closely re-
semble lunar sinuous rilles such as the Hadley and
Prinz rilles (Fig. I1-8b) and are now generally thought
to be collapsed lava channels in basaltic rocks, as is
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Fig. 1-8a. Lava channel on flank of crater; starts in crater
and descends, becoming smaller in contrast to the fluvial-

type channels that grow downstream, (MTVS 4298-39, DAS
13496088)
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inferred from the samples and photographs returned as
a result of the Apollo 15 nussion

In summary, channels can be divided into four groups:
the three varicties discussed with characteristios that
imph- a fluvial origin in which water must be the
transport meditm  (broad and sinuons, narrow with
braided floors and tributaries. and small and dlosely
spiced . and a fourth variety with characteristios that
implv a vole mic origin involving molten Laa flows.

E. Polar Features

Monitoring of the polar regions allowed observation
of the rapid retreat of the frost cover from its maximum
«xtent of more than 307 across when photographed in
1969 to a minimum of less than 1) across in 1972
(Refs. 116. 1-19. and 1-38. Ancient cratered terrain
extends from north of the cquator southward to the
south polar region, where it is overlapped by two
vounger units. The older of these overlving units is
moderately cratzred and has many closed depressions
that appear to be deflation hollows (Fig. 1-9a). This
“etch-pitted”™ unit is composed of alternating resistant
«nd non-resistant rock layvers which produce numerous
topographic benches and slopes along exposed edges.
The exposures of ctch-pitted terrain surrounding  the
polar region indicate a zone of high wind velocity which
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Fig. I-9a. Etch-pitted terrain in south polar region which overlies
the sncient cratered terrain and is overiain by the laminated ter-
rain. The closed depressions probably were made by the defla-
tion. The winds are particularly strong sdjacent to the polar ice,
as they are on Earth in Antarctica and Greeniand. (MTVS 4132.
21, DAS 05433843)
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is stripping the surface and forming deflation hollows.
The cteh patted anit & overlain by L red rodks origin-
ally tere od the “Luninated terrain” (Fig, 1-9b). The two
units of voung Lay ered deposits do not overlie the andient
terrain i a plate-hike facbion. Although they total 6 km
in thickness, they ocevs at a lower clevation than the
surrounding ancient « ratered terrain and are covered by
we at the pole Ref. 170 Thus, these lavered rocks
occupn L saucer-shaped depression that defines a diserete
basinin both polar regions, It may be that the polar rocks
have been depressed by former!s thicker polar ice. A
quantitative measure of the degree of this deformation
could be an indicator of the mobility of the Martian
subcrust.

The untormly bedded layers best observed in the
Liminated terradn are estimated to range from 10 to 30 m
in thickness. There are sbout 20 lavers in cach cuesta-
like ridae, of which there are 6 to 12 encircling the pole.
The individual thin lavers appear to be evelical deposits.
as may be the groups of lavers that form the ridges that
showed in the Mariner 6 and T pictures (Ref. 1-39). The
ledges are being eroded: they are smoothly rounded.
unlike the sharp-ed ge ridges in the etch-pitted and cen-
tral plateau regions. Subjecent craters arc  partially
covered in many places, apparently being re-exhumed
after burial. The upper surfaces of these deposits on

d G e ma— s ¥

Fig. 1-9b. Laminated terrain in the south polar region overiain
by residual ics. It eroded with rounded edges and was deposited
cyclically. The short cycles comprise eight to ten Iayers which
make up ledges that form the circumpolar festures. (MTVS
4213-21, DAS 00080243)
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Fig. 1-10. Mosaic of wide-angle pictures of south polar region
showing the terrain units and residual cap. The polar deposits
stand higher and overlie the ancient “continental” cratered ter-
rain. The laminated deposits dip irward and are topographically
lower than the surrounding cratered terrain forming the polar
basin.

which the remnant polar ice cap lies are grooved radial
to the pole (Ref. 1-32). These grooves may have been
formed by wind erosion or perhaps even glacial scour.

The south and north polar regions are similar (Figs.
I-10 and I-11) and apparently have acted as sediment
traps throughout much of the history of Mars. Sedi-
mentation in these arcas must have started when the
planet conled enough ‘o initiate frost accumulation in
the polar region. Pervasive wind erosion in the equatorial
regions took place; these sediments then were trans-
ported, principally in suspension, and deposited into the
polar regions. The polar deposits may be thought of as
glacio-eolian, formed when the dust particles, acting as
nuclei around which the snow crystals form, are laid
down as horizontal layers. A similar process takes place
on Earth where rain, wind, and snow sweep the atmos-
phere clean of dust particles. Alternatively descending
air currents in the polar high-pressure zone may abet the
entrapment of dust particles on the surface ice, much
in the same way as dust is entrapped in terrestrial ice
fields and in glaciers.
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Fig. I-11. Masaic of wide-anjle pictures of the north polar re-
gion showing the terrain and residual cap. The region lies 3 km
iower than the south pole. The polar deposits lie on plains de-
posits of “ocean basin’ type. The topography is not well enough
known to determine whether the deposits are in a basin.

F. Eolian Features

The planet-wide dust storm appears to have blanketed
nuch of the surface with bright silt and clay-size
particles, obscuring most of the dark markings normally
observed telescopically. Since the end of the storm,
bright material has been locally scoured from the sur-
face revealing the darker, presumably coarse-grained,
underlying surface. Duriug the mission, a local dust
storm was observed, and after its passage a dark track
was visible (Ref. 1-7). As the mission progressed, the
classic dark surface markings began to re-emerge as
the fine-grained and brighter surficial materials weie
scoured and redeposited (Ref. 1-4).

Usiformly distributed deposits that tringe the polar
regions and blanket the plains correspond to terrestrial
loess, widesnread deposits of silt and clay-size particles.
Their redistribution reveals dark, irregular markings and
light and dark tails emanating from craters and other
topographic obstacles. The light tails appear to be wind-
deposited material; the dark tails appear to be moctly
wind.scoured zones in the lee of various topographic

12

obstacles. In other caes some dark streaks appear to be
dark depaosits.

In sorie arcas dark markings in wide-angle pictures
have b on resolved into sand dune fields in the narrow-
andie pictores Ref. 1-40: see Section X1 of this Report).
This dune ficld. about 30 km across. lics in the bottom
of a crater. The spacing of the crests of individual dunes
is on the order of ! to 2 km. In size and shape this
feature is similar to many dune fields and sand sheets in
terrestiial deserts such as the Mojave Desert in southern
California. within which the Kelso dune field is a good
anuoy (fef. 111D, Adjacent to the etch-pitted south
polar terrain s an area of “rifles” that resemble longi-
tuuinal or seif dunes, Equatorward. in additior to the
dune fields: the mottied cratered plains and smooth
plains are arcas of irreguiar to uniform. cc.iza loess-like
deposits that indicate even lower wind velocities. The
identification of dunes is significant because dunes indi-
cate that saltation is operative on the surface despite the
tenuous atmesphere. With saltation occurring. numerous
colian erosion and depositional features should be ex-
pected at Jarger scales: some of these features are de-
seribed in Ref. 123 (sce Section X of this Report) and
are compared with pure ecrosion forms in the coastal
desert of Peru.

G. Impact Craters

Although impact craters are common on about one-
half of the plancts surface, fresh craters with well
developed ejecta blankets are rare (Ref. 1-36). A few
small craters show hummocky continuous ejecta blankets
and well developed rays. Most small craters, however,
exhibit degraded cjecta blankets and no ray patterns.

Interpretation of lunar craters indicates that the first
crater-related feature that disappears by erosion is the
ray material, which originally extended outward for
many crater diameters. The continuous ejecta blankets,
up to two crater diameters in width, are more resistant
to wind erosion. However, tnese deposits eventually lose
their hummocky character, but the cuter irregular edges
remain as low ridges. The very slow degradation of
craters on the Moon is largely by impact gardening; on
Mars the erosion is probably dominantly eolian. Most
of the ray material of lunar craters and terrestrial ex-
perimental craters is fine-grained; such material on Mars
would be subject to degradation and transportation by
winds. Thus, the paucity of ray craters is an indicator
of the effectiveness of the eolian erosional and deposi-
tional processes on Mars,

JPL TECHNICAL REPORT 32-1830, VOL. IV

[ TP



K
-
-
A )

%

' £

.

.

<

- ,;

3

K

"

4

L.

.
-
c

-~

Prominent in the southern hemisphere of the planet
are craters ranging from the limit of resolution (200 to
300 m} up to the Hellas and Argyre basins. (Hellas
is 2000 km in diameter and one-half avain the size of
the Tmbrium basin on the MoonY The cratering in this
hemisphere s similar to that in the southom highlands
of the near side and much of the far side of the Moon
Refs. 1-19 and 1-42; also see Section VI of this Report).
The abundance of craters here is such that this terrain
inust he very old geologically. The crater frequency s
less. however, than on Phobos. the satellite of Mars. and
m the most beavldy cratered of the lunar uplands (Ref.
1-43. also see Section VI of this Report). This lower
crater frequeney probably indicates destruction of son
craters by various processes that include all previously
montioned, i.e. voleanising, tectonism, channel generation,
and colan erosion and deposition.

The Argare basin is ringed by radially and concen-
trically textured mountainous terrain that indicates its
similasity to the lunar multi-ringed impact basins such
as Imbrium and Orientale (Refs. 1-44 and 1-45). How-
ever, the deposits are altered by subsequent  events,
including colian modification, so they do not display
the structural and depositional textures still preserved
in the drastically less dynamic lunar environment (Ref.
1-46). Rough textured, extermally and internally terraced,
generally circular eraters with central pecks are thought,
as on the Moo, to be of impact origin if not so degraded
as to have these diagnostic characteristics obliterated.

Craters of impact type are clearly distinet from the
smooth-rimmed volcanic craters with their coramonly
attendant radiating lava channels and flows. Secondary
crater arrays are visible in several arcas and are distinet
from the lincar arrays of volcanic craters along structural
lineaments. They are, however, far less abundant than
on the Moon and gencrally cannot be identified as to
source.

H. Planet-Wide Distribution of Geologic Units

The cratered terrain apparently is the most ancient on
Mars, and probably records, as on the }Moon, the impact
of cosmic debris un the carly differentiated planet (Refs.
1-47 and Fig. 1 of I-21; also see Fig, 1I-1 of this Report).
Preliminary correlation of gravity mapping achieved
by tracking the Mariner 9 spacecraft with topography from
several sources indicates that the rocks inthe
anu platéat regions piSviously described are largely
isostatically compensated: This result is in agrcement
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with the distribution of rocks on the Moon, where the
highlands are underlain by low density trustal rodks
with high Al/Si ratios. and the lowlands are underlain
by basalts that probably rest direetly on mantle rocks.
For Mars. the cratered terrain that cecupies most of the
southern hemisphere may represent the more siliceous
“continental” crustal rocks. The Amazonis and adjacent
Elvsium basin and the northemn lowlands may be under-
lain by basalts resting on the mantle and mayv be the
gross cquivalents to the terrestrial ocean basins and
Occanus Procellarum on the Moon. Within the primitive
cratered terrain are arcas filled by smoother, vounger
material with lower, but still substantial, crater popula-
tions These “cratered plains™ are overlain by smooth
deposits which form th - smooth pliins that comprise
several different units. The smooth plains tocally exhibit
lobate lava flow fronts and broed low shicld volcanoes.
attesting 10 the probable basaltic nature of the smooth
deposits.

Mantiing the smooth lava plains are possible aliuvial
deposits at the mouths of the channels in the Chryse
and Lunac Palus regions. These deposits probably form
picdmont alluvial and possibly playa sequences near
where the chamnels delouch into the lowlands. so that
some of the smooth viain. may consist of sedimentary
deposits. Pediplanation may have taken place in a few
arcas along channel margins and where plateau edges
and isolated hills and mesas scem to be retreating (Ref.
1-:37; also sce Section HI of this Report).

Eolian deposits derived from the polar-eolian sediinent
traps may have been sprcad equatorward (Ref. 1-48;
alsv see Section IX of this Report). The thickness of
these loess and dune deposits on the northern Java plains
can be estimated from their apparent thickness in the
south polar region. Here the mantling colian material
cannot exceed tens to hundreds of meters in thickness,
for it partially masks but does not fill in the south polar
cralered terrain. Thinner deposits of eolian sediments
(possibly silt and sand) cover the central part of the
planet in places. Apparently these deposits in the central
part of the planet are mobile, as the continually changing
light and dark patterns monitored atter the great dust
storm attest. They must be only a few meters in thick-
ness, as they do not obscure textural detail in the cratered
and faulted terrain. Thicker loess deposits probably lie
within Hellas and other similar large circular basins and
craters, but their thickness cannot be determincd; such
rggionggflo agoegg. Lovaverpto I thw sodrce areas for
many Martian dust stonns including that of 1971 (Ref.
1.14).
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The south polar ¢lacio-colian rocks overlie the cratered
taraie the nort polar deposits overlie smooth and
cratered plains. The north polar region is about 3 km
lower than the southern region. This observation is con-
sistent with the morphology of the terrain. which sug-
gests that the south polar region is part of the continental
mass: the north polar region is part of the “ocean”
basin floor.

The margine of the central continental block  are
different. At 100 to 130°W, the margin is abrupt and
the slopes are steep: the crest of the Tharsis ridge is
muarbed by the three aligned velcanic structures. Per-
haps this continental margin is the site of incipient plate
tectonic movement: alternatively. the voleanoes may lie
along a zone of vertical movement bounding the con-
tinental block. The northern margin is irregular with
gentler slopes, The contact between the cratered plains
and the low-lving smooth plains is gradational, and has
many irregularly disposed hills and mesas. The central
canyon or troughed zone may mark a rift zone developed
by the highland rocks sliding into the northern lowlands;
igain alternatively, the canvons may mark complex
vartical faulting with the most complex faulting in the
area of greatest uplift and adiacent to the thickest young
voleanic rocks that overlie the continental crust.

I. Geologic History

The various topical studies presented in this Report
and the regional geolozic mapping accomplished to date
permit an expansion and refinement of the carlier pre-
liminary geologic histories presented for the equatorial
belt (Refs. 1-20 and 1-21; also see Section II of this
Report). The principal data used are overlap relations
between geologic units and differences in their crater
populations. These relations show that Mars has a deci-
pherable history that dates far back in time. This history
may place some boundary conditions on theories about
the evolution of its atmosphere and development of an
ice regime. The hcavily cratered generally high-standing
rocks that lie predominantly in the mid- and southern
latitudes are the most ancient on the planet, as has been
recognized since Mariners 6 and 7 (Ref. 1-49).

Large lunar basins such as Imbrium formed after the
initial differentiation of the entire Moon. Ejecta from
these basins contain norites, anorthositic gabbros, and
anorthosites that forna the crustal rocks which stand high
because of their lesser density. A similar process prob-
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ably took place on Mars so that the high-standing,
heavily cratered rocks are part of the carly differentiated
“continental” crust.

During the time of rapidly decreasing flux of impact-
ing bodies, the many large, flat-floored craters formed
as well as the large impact basins, Hellas, Argyre, and
Libya. Hellas appears to be the oldest as its rim has
been almost completely destroved. and the number of
superimposed craters around its edge is comparable o
the rest of the heavily cratered terrain. Argyre and Libya
are more rugged than Hellas and have fewer superim-
posed craters. They probably formed later.

Impact presumably continued at a decreasing sate,
but volcanism started carly in this cpisode. The oldest
volcanic feature recognized is a shicld volcano on the
northeast rim of the Hellas basin. This heavily cratered
(it has twice as many crateis as the oldest of the plains
units) and croded feature at first was difficult to recog-
nize; other features may be found as systematic geologic
analysis ¢ontinues. The ancient volcano is particularly
significant because it indicates that volcanism of the
type observed in the Amazoris region began very early
in Mars history and within the ancient cratered terrain.
Old plains units mantle parts of the ancient cratered
terrain and are marked by lower crater frequencies.
They are difficult to dclincate because crosion and
deposition have obscured the contacts. The oldest plains
vnit that can be mapped satisfactorily occurs in the
Lunae Palus area and overlies part of the volcanic
structures in the Hesperia region. It has a crater density
greater than most of the lunar maria. Its absolute age.
like that of other Martian units, is difficult to assess
because the relative contributions to the flux of cometary
and asteroidal impacts are not known.

Next younger in age are the heavily faulted plains
around Nix Olympica, in Arcadia, and in Alba. They
appear to be basalt flows similar to those in the surround-
ing smooth plains, which have been slightly uplifted,
faulted, heavily modified by eolian erosion, and moder-
ately cratered. Mottled cratered terrain underlies large
areas in the northern regions. It is moderately cratered
and partially covered by eolian deposits. Volcanism prob-
ably started in the Nix Olympica area about the same
time that these plains formed. The erosional scarp at the
base of Nix Olympica suggests that these layers were
being eroded while the npper part of the mountain was
still being constructed. The next voungest plains um!
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occurs in the Phoenicis Lacus and Elysium arcas. It s
moderately cratered and fanlted: the number of eraters is
comparabt:le to that on most lunar maria. It embays
knobby terrain, mdicating that the process forming the
latter unit began before deposition of the moderately
cratered plains.

Eolian deposition and erosion extended over a con-
siderable time up to the present: in the polar regions,
deposits of the laminated terrains were being deposited
and croded and redeposited in great mantles of loess-like
deposits that thin equatorward. Etch-pitted plains sur-
rounding the poles attest to the intensiiyv of colian crosion
of carlier deposits in the vicinity of the polar caps. This

1 crosion raises the possibility that carlier generations of
/ Upwarping or epirorogeny then took place in the  laminated terrain have been redistributed. The present
- Tharsis region, resulting in mosaic-like fault patterns as polar deposits may record only the latest such episode of
- well as the extensive rifting to the cast in the main part  deposition of layered materials.
of the Coprates canvon system. The upper part of the
) Niv Olvinpica. as well as the Tharsis. shicld volcanoes The possible fluvial channels may record episodes
then formed. Contemporancoushy the voung lava plains  when water was much more abundant in the atmosphere
with their abundant flow fronts and lava domes were  than at present. Planet-wide warmer “interglacial™ peri-
~ extruded. Chaotic terrain developed later along the  ods would release not only the water locked in the polar
marginy of the equatorial plateau. Broad channels then  caps. but also that frozen in the subsurface as permafrost.
formed. apparently over a considerable time. as some of  Similar warmer and colder periods also are characteristic
their floors are moderately cratered and others are little  of terrestrial history. Still continuing is the crosional
cratered. Their development may have paralleled the  modification of landforms and deposition of widespread
. construction of the large valcanoes. silt and clay “loess” deposits and local sand dunes.
‘
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ll. A Generalized Geologic Map of Mars!

M. H. Carr
U. S. Geological Survey, Menlo Park, California 94025

Harold Masursky
U. S. Geological Survey, Flagstaff, Arizonz 86001

R. S. Saunders
Jet Propulsion Laboratory/California Institute of Technology, Pasadena, Califormia 91103

A generalized geologic map of Mars has been con-
structed largely on the basis of differences in the topog-
rapby of the surface. The success by which the geology
can be deduced from surface topography depends on
how distinctively the originai topography of a feature
reflects its mode of origin and the extent to which subse-
quent modification can be recognized and assessed. We
are fortunate in having a number of topographic features
on Mars whose form is highly diagnostic of their origin.
Of particular note are the shield volcanoes and lava
plains. In some areas, the original features have been
considerably modified by subsequent erosional and tec-
tonic processes. These have not, however, resulted in
homogenization of the planet’s surface, but rather have
emphasized its variegated character by leaving a char-
acteristic imprint in specific areas. The topography of
the planet, therefore, lends itself well to remote geologic
interpretation.

The map (Fig. II-1) is an outgrowth of an earlier
version of the equatorial belt (Ref. II-1). The techniques

1Publication authorized by the Director, U, S. Geological Survey.
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and conventions used are similar to those used for the
Moon and have been fully described elsewhere (Ref.
11-2). The surtace has been divided into several units,
each of which has a specific range of topographic char-
acteristics. In the map explanation (Fig. 11-2), the units
are arranged according to their age as inferred from
supernosition and transection relations, crater counts, etc.
The map also provides a generalized indication of tec-
tonic deformation. Most of the uuits represent materials
of a specific origin deposited within a restricted period
of time. Other units, such as the chaotic and knobby
materials, are not strictly geologic deposits, but are modi-
fications of pre-existing materials. The modifications,
however, have been so drastic as to, in effect, create new
geologic unit, and they are mapped as such.

For this early version of the map, data from the various
spectral instruments have been largely ignored because
of the difficulty in obtaining the data in a form readily
correlatable with the visual image. However, we would
not expect that, at the scale at which the map is depicted
here, the spectral data would significantly affect deline-
ation of the various units. The scale was dictated by
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Fig. 11-2. Age relations and explanations of map symbols.

publication {ormat and should not be taken as indicative
of a present level of knowledge. The map is a very coarse
generalization of the information available. A more de-
tailed map that will do justice to the wealth of informa-
tion in the Mariner 9 photography will be published in
ihe not too distant future.

A. Description of Units
1. Densely Cratered Units

Denscly cratered terrain covers approximately one-half
of the planet's surface, including most of the central and
sorthern portions of the map and the south polar regious.
The cratered area was photographed by Mariners 4, 6,
and 7 in 1964 and 1969 and has been described in detail
Yy Murniay et al. (Ref. 11-3). The surface is almost satu-
rated with large {(>20 km), flat-Boored craters; the density
of smaller cvaters, which are mostly bowl-shaped, falls
short of saturation by a factor of 10. Several large ring
structures resembling lunar basins occur within the
deusely cratered terrain (Ref. 114; also see Section VII

JPL. TECHNICAL REPORT 33-1550, VOL. IV

of this Report!. The character of the cratered terrain
.aries bath locally and on a regional scale. Around the
larg ‘mpact basins. positive relief features are more
common than elsewhere, providing the basis for discrimi-
nating a mountainous unit {m). In other arcas. the
cratered terrain appears to be partly mantled. so that
fewer intermediate and small (<20 km’ craters are
present. anc the larger craters appear subdued. A urét
termed “eratered deposits. mantled” (em? has therGore
been designated: the rest of the densely cratered deposits
is left undivided (cu).

a. Cratered deposits, undivided (cu). Forms the primi-
tive accretionary surface of the planet. Occurs primarily
in th: southern mid-latitudes, but extends to 40°N around
the 330°W meridian. Isolated areas occur in the voleanic
province. Saturated with large. flat-floored, commorly
rimless. craters. Intercrater arcas flat and featureless
exeept for scattered small, bowl-shaped craters. Locally
may be partly covered by vounger deposits, so that the
topography hzs a muted appearance. Ridges. resembling
those on the lunar maria, occur in some of the muted
arcas. Probabiy consists mostly of reworked impact
breccias, but lacally includes vounger volcanic and eolian
deposits.

b. Cratered deposits, mantled (cm). Mapped only
where extensive areas appear mantled. Fewer intermedi-
ate and small-size craters {<20 km) than unit cu. Occurs
primarily in high southern latitudes. Interpreted as
cratered deposits mantled by various thicknesses of
younger material. Lobate flow fronts indicate volcanic
materials in some areas, but the mantling material almost
certainly includes significant portions of eolian debris.

¢. Mountainous deposits (m). Forms the rugged parts
of the rims of the three largest recognized impact basins,
Argyre, Libya, and Hellas. Argyre (50°S, 43°W) is sur-
rounded by rugged temrain that is cut by graben. The
Libya. hasin (15°N, 270°W) rim is preserved as a distinct
mourtainous unit only at the south side of the basin. The
Hellas (45°S, 295°W) rim is subdued. Mountainous ter-
rain with relief comparable to Argyre is preserved only
in isolated areas, particularly to the east where there is
a complex array of isolated mountains. The mountainous
unit is interpret... as remnants of parts of the primitive
crust uplifted during the formation of the impact basins.
Remnants of basin cjecta are also included.

2. Plains-Forming Materials

Plains, showing various degrees of cratering, occur over
most of the planet not covered by the densely cratered

.
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units  The plains-forming materials are thought to Lo
fargeh volcanic and colian in origit . They have been
dividid dito Hace anits on the basis of the number and
character of the sunerimposed craters.

a. Heavily cratered plains materials (pc). The mos?
heavily cratered of the plains units, but has fewer large
craters than the densely cratered units described. Equiva-
icnt to unit me of McCauley ot al. (Ref. 11-1'. Occurs
mainh in the areas north and sovth of Lunae Palus and
in Hesperia Ridges resembling those on the lunar maria
are common. Interpreted as old lava plains similar to the
lunar maria. (Small areas of material similar to this are
present widely throughout the densely cratered arca:
they are not mupped because of scale limitations.)

b. Moderately cratered plains materials (pm). Has
fewer craters in the size range of 2 to 20 ki than unit
pe. but more than unit ps (Ref. 11-3: see Section 1V of
this Report). Occurs in Elvsium around the major shicld
volcanoces, in the Arcadia~Tharsis region, where it is
exposed mainly as islands surrounded by unit ps. and
in the region of Phocnicus Lacus. In the Arcadia~Tharsis
region, the unit is almost evervwhere intensely fractured.
It is interpreted as volcanic lava plains intermediate in
age between units ps and pe.

c. Sparsely cratered plains muterials (pc). Occurs
mainly in the Amazonis-Tharsis region and in the large
impact basins in the densely cratered province. Unit ps
is the least cratered and presumably the youngest of the
plains units. At wide-angle resolution, it is relatively
featureless, except in places close to its contact with the
densely cratered terrain where indistinet ridges and low
rounded hills are common. At narrow-angle resolution,
irregular lobate scarps suggestive of flow fronts are com-
mon, especially in the Tharsis region. Low hills, islands
of highly fractured terrain, sinuous channels, and poly-
gonal fractures occur in other arcas. More rarely, the
narrow-angle pictures are featureless. In the Tharsis
region, the plains appear to be composed mainly of
volcanic flows, as lobate flows are detectable on nearly
all narrow-angle pictures. In the Amazonis region and in
the large impact basins, Argyre, Hellas, and Libva,
volcanic features are rare and the eolia., .omponent
probably dominates. The unit embays all other units,
confimiing the young age inferred from the crater counts.

d. Mottled cratered plains materials (pp). Occurs only
at high northern latitudes where it forms an annulus
around the pole. The density of large (>20 km) craters
is comparable to that of unit pc, but the density of
smaller craters is substantially lower. Large craters are

subdued and apparent mainly because of an albedo con-
trast between the light crater floors and the dark sur-
rounding mateniais. The local albedo contrasts give the
unit a mottled appearance. The albedo of the unit as a
whole is lower than that of unit ps with which it is gen-
erally in contact to the south. It is interpreted as cratered
plains material (pe) overlain by a mantle of colian debris.

3. Volcanic Units

Included under this heading are all volcanic units
associated with roughly circular voleanic structures, as
distinct from the extensive plains units. Because of
limitations of scale, only two categories are depicted: a
general unit (v) and another unit. consisting of two facies
(gc and gf). which form some very distinctive terrain
around Nix Olympica.

a. Volcanic materials (v). Includes materials associated
with shicld volcanoes. volcanic domes, and volcanic
craters (units vs, vd, and ve of Ref. II-1). Most of these
features are circular, radially symmetric, have a central
crater and gently sloping flanks. They occur primarily
outside the denscly cratered region, although two fea-
tures within the densely cratered province are indicated
on the map. The volcanic deposits have a wide range of
ages. Those associated with Nix Olympica are relatively
voung (Ref. II-6; also sec Section VII of this Report);
those within the cratered province are relatively old
(Ref. 11-5; sce Section IV of this Report).

b. Grooved terrain materials (gf and ge). Two facies
of grooved terrain are recognized: a unit gec with a
coarse surface topography whichk occurs close to Nix
Olympica, and a unit gf with a finer surface texture which
occurs farther away. The coarse unit gc is characterized
by lincar mountains 1 to 5 km wide and typically 100 km
long. The mountains are commonly separated by valleys
that have flat floors with a fine stiiation paralle! to the
length of the valleys. The unit appears to be broken into
blacks along arcuate faults that tilt the blocks genily
inward toward Nix Olympica. The fine textured unit gf
is characterized by closely spaced equidimensional moun.
tains whose horizontal and vertical dimensions decrease
outward from Nix Olympica until the mountains merge
with the surrounding plains. Both units are complexly
embayed by the surrounding plains deposits.

The grooved terrain deposits may represent old vol-
canic materials derived from the Nix Olympica center
and since complexly fractured by the continual tectonic
activity associated with the formation of the central
shield. An alternative hypothesis is that the grooved ter-
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rain represents the outer remnants of a once much lrger
Niv Olvmpica that has been reduced in size by whatever
process has formed the bonuding <carp.

4. Other Units

I several areas, erosional and tectonic processes have
resulted in the formation of distinctive geologic units.
Four categories have been identified:

1t Channel deposits «chi. These have all the charac-
teristics of terrestrial stream deposits. They occur
in long. lincar. sometimes sinuous channels that
commonly have well developed tributaries. Narrow-
angle pictures show terraces. bars, finely braided
networks of channels, and superimposed meanders.
The inost prominent channels head in the area of
chaotic terrain arcund 2°N, 30°W, and run north-
west to the Chryse basin. Most. but rot all, other
channels occur in the densely cratered terrain near
its contact with the plains The unit is interpreted
as matcrials deposited by a fluid. presumably water
(Ref. 11-7; also sec Section III of this Report).

(2) Cangon deposits (y). This unit ircludes materials
that are exposed on the floor of the major rift sys-
tem that extends 4000 km acress the surface close
to the equator between 30° and 100°W. The talus
on the canyon walls is excluded. In most places
the floor appears smooth, but locally jumbled
blocks are piesent. At the eastern end of the can-
von, the unit merges with the chaotic terrain. At
the western end, the unit is pinched out as the
canyon grades into a zone of bsanching troughs.

(3) Chaotic deposits (h). Chaotic deposits have been
described in detail previously (Ref. I1-8). The
surface of the unit is crossed by numerous inter-
secting cracks that break the surface into blocks
with a wide range of sizes and which may be
tilted slightly in different directions. The chaotic
deposits normally occur in locally low areas, occa-
sionally in complctely closed basins. The outcrop
areas are usually surrounded by an inward-facing
scarp. The main area of occurrence is a broad
region around 5°S latitude, 35°W longitude. The
origin of the unit is obscure. Some process of
sapping from below and subsequent collapse is
required.

4 Knobly depn ke The unit is charwcterized by
irregular roun.-d hills and intervening plains. The
hiths wie all sizes, from several hundred kilometers
down to the limit of resolution (<1 k. The unit
occurs mostly in a zone up to 300 km wide between
the cratered terrain and the plains units. In gcn-
cral. the individual hills are larger. have more
rectilinear outlines and flatter tops closer to the
cratered terrain. Father from the cratered terrain,
they become rounded and smaller in both hori-
zontal and vertical dimensions unti! thev merge
with the surrounding plain. The unit includes the
unit kt of McCauley et al. (Ref. 11-13, and the
fretted terrzin of Sharp (Ref. 11-9: also see Section
V1 of this Report).

B. Structural features

Mars is characterized by an abundance, if not a great
variety, of structurai features. The most common are
graben. typically ! to 5 km wide. They may occur as
closely spaced, parallel arrays as in the Arcadia region.
or as isolated fractures several thoasand kilometers long
as in the Mare Sirenum region. The distribution of
graben is markedly nonuniform. Most are part of a sys-
tem of faults approximately radial to the Tharsis ridge.
The western part of the Coprates canyon also appears to
be part of this set. The focal point of this vast system of
fractures is the Phoenicis Lacus area. which is also the
highest part of the ridge. The pattern appears to have
formed as a result of the extension associated with the
broad domical uplift of the Tharsis region.

Elsewhere fractures occur concentric and radial to the
large impact basin of the densely cratered province (Ref.
11-4; see Section VII of this Report) Fractures also occur
locally around the large shield volcanoes (Ref. 11-3; see
Section 1V of this Report) and at, and parallel to, the
margin of the densely cratered terrain to form the knobby
and fretted terrains (Ref. I1-9; also see Section VI of this
Report).

Mare ridges are the other common structural feature.
They occur primarily on the most heavily cratered plains
unit {pc). West of the Yharsis ridge, they are aligned
along directions concentric with the center of the Tharsis
ridge.
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lli. Water and Processes of Degradation
in the Martian Landscape'

Daniel J. Milton
U. S. Geological Survey, Menlo Park, California 94025

Since at least the Mariner encounters in 1969, Mars,
despite its own individuality, bas been regarded as a
planet in a state of development intermediate between
that of the Moon and Earth. The histories of impact,
volcanism. and tectonic disturbance on three hodies are
to a first approximation similar, despite such differences
as the horizontal mobility of crustal segments on Earth

-and their apparcut stability on the other two bodies.
On the Moor we sce constructional landforms such as
impact craters, volcanoes, and volcanic plains, most per-
sisting from the carly epochs of lunar history. Most land-
scapes on Earth. however, owe their appearance to
erosion, principally the work of running water, as much
as to constructional processes. Features of the primeval
epoch have long since been destroyed, and any area has
passed through so many cycles of erosion and rejuvena-
tion that there is somc time in tie past beyond which
its history is indecipherable.

It is the thesis of this section that erosion has becn
active on Mars so that, unlike the Moon, many of the
surface landforms are products of degradation. Unlike
Earth, crosion has not been a universal process, but one
areally restricted and intermittently active, so that we
see a landscape that is the product of one or two cycles
of crosion and large areas of essentially undisturbed
primitive terrain.

1Publication authorized by the Director, U. S. Geological Survey.
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It is a sccond thesis that, as on the continents of Earth,
running water has been the principal agent of degradi-
tion. At the present time, the surface temperature an:
the pressure and water content of the atmosphere make
bodics of liquid water at the surface impossible or at
least confined to a few small arcas at certain seasons.
Many features on Mars, however, are most easily ex-
plained by assuming running surface water at some time
in the past. For a few features, running water is not
merely the casiest explanation within the range of our
imagination, but the only possible explanation. If these
cases, which involve water courses as large as the largest
rivers or torrential floods on Earth, can be established,
then an hypothesis of aqucous origin should have a favor-
able hearing for the much wider spread of features for
which the evidence is less conclusive.

A. Channels Shaped by Flowing Water

The first great Martian controversy began almost a
century ago with Schiaparelli's announcement that he
had discovered channels (canali) on Mars. Mariner 9
has revealed that channels are indeed a prominent fea-
ture of the Martian surface (although very different from
those envisioned by Schiaparelli and Lowell) and intro-
duced a second controversy on Martian channels, al-
though this time on a higher level of their nature rather
than their reality. A preliminary description and maps of
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! Fig. Mil-1a, Channel between Memnonia and Amazonis near 6°S latitude, 150°W longitude,
apparently eroded by running water. Wide-angle view with direction of flow from top to
bottom (south to north). The width of the area is about 260 km, Lighting is from the right.
(MTVS 4174-45, DAS 06822798; MTVS 4238-31, DAS 09628614)
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Fig. 111-1b. Middle section of Amazonis channel. The individual narrow-angle frames
cover an area of about 30 by 40 km. Figure llI-1b is reoriented so that lighting is from
the top. (MTVS 4294-12, DAS 12477650; MTVS 4294-16, DAS 12499720; MTVS 4294-20,

DAS 12499790)

their distribution within the cquatorial region are given
by McCauley et al. (Ref. 1II-1). Carr et al. (Ref. 111-2:
see Section I1 of this Report) also map the location
of majo; channels. The most convincing evidence for an
aqueous origin, in the available photography. is found
i the broad channels in Chrvse, the two long channels
in Lunae Palus. and especially a smaller channel between
Memnonia and Amazonis.

The Amazonis channel (Fig. 11I-1a) is about 350 km
long, and the widest of a complex of chammels spread
over a zone almost 100 ki wide. Positive indication of
the direction of flow is difficult, but flow from south to
north is suggested by bars in the wake of islands and
the pattern of truncation at the basce of bars. Establishing
the direction of flow is rever a problem terrestrally, and
it is surprising how symmetrical are the up- and down-
strcam directions of single channels without tributaries.
Flow from south to north is consistent with a regional
gradient of about 1 km over the length of the channdl,
as indicated by Marinzr 9 infrared spectroscopy (Ref.
111-3, also sec Section XX of this Report) although
regional warping of the surface may have occurred since
the formation of the channels.

Scgments of the Amazonis channel differ sn character.
The upstream section (right-hand frame of Fig. III-1b)
lies within the somcwhat diffuse outlines of a crater.
Here the channel concists of many broad branches, one
of which is smooth-floored; the others are marked by
ridges and troughs parallel to its length. The middle
section hus a slightly sinuous, smooth-floored main chan-
nel of even width. This broadens downstream into a
complexly braidea reach (Fig. IlI-lc), which, beyond
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these narrow-angle pictures. gathers again into a single
channel that crosses a crater and debouches onto a
featureless plain

If a single feature is to be chosen on which to base
an argument for running water on Mars, it is this braided
rcach of the Amazonis channel. The similarity to the
braided type of terrestrial river channel (Fig. III-2) is
so great that were it not for the craters, it would be easy
to envision these as pictures of Earth. Analogy, however,
is an insufficient argument, unless it is shown that the
features reflect phenomena unique to flowing water. It
is hardly belicvable that this pattern could have arisen
by any means not involving horizontal flow, for example
by faulting or vertical collanse. Water, however, is not
the only substance that can flow. On Earth the wind
blows, ice moves as glaciers, lava pours forth from
velcanoes, and flows of volcanic ash and perhaps some
avalanches and landslides are dense, turbulent, fluidized
suspensions of solid particles entrained in gas. Each of
these produces cheracteristic landforms quite different
from that in question. Some consideration of why they
differ may help to clarify the unique nature of water as
a morphologic agent.

Both erssional and depositional landforms produced
by wind are seen in the Mariner 9 pictures, as discussed
by McCauley (Ref. 111-4; see Section X of this Report) and
Cutts and Smith (Ref. III-5; see Section XI of this
Report). The power of wind ir transporting material
depends on the exchange of momentum between the
boundary layer and a large mass extending far above the
zone of interaction with the ground surface. On an
almost smooth surface, wind erosion produces parallcl
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Fig. til-1c. Braided section in lower part of Amazonis channel. This narrow-angie mosaic,
like Fig. 1li-1b, contains frames covering 30 by 40 km. (MTVS 4258-35, DAS 09628649;
MTVS 4258-39, DAS 09628729)

linear scours and ridges. Dunes, the ordinary depositional
feature, may have complex forms individually, but dune
ficlds as 4 whole show a symmetry '::th respect to the
direction of prevailing winds. The lateral sinuosities
which characterize the braided rcach of the Amazonis
channel indicate a fluid uncoupled from a larger moving
mass and hence a fluid that, unlike wind, is confined or
almost confined to the channels themselves.

The sinuosities also rule out glacier ice, although for
somewhat different physical reasons. The curvature of
the channels and subchannels indicates a fluid with
considerable momentum, eliminating any fluid moving

as slowly as ice. Erosive glacial features are simple;
arcuate features mzy be deposited at the ice margin,
but these are transverse to flow direction. Any features
at all resembling those of the braided Amazonis chanuel
associated with terrestrial glacial deposits are attributed
to the action of meltwater rather than to ice itself.

The impression on the observer implied by the term
“river of lava” conceals some fundamental differences
between lava and water. The eroding and transporting
capacity of water results from the turbulent nature of its
flow. Lava, however, generally flows laminarly and has
little or no erosive capacity. Lava channels on Earth and
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Fig. -2, Braided section of Sagavanirtok River,

JPL TECHNICAL REPORT 321350, VOL. IV

B . e

4 5. W
Alaska, Compare oblicuely truncated
downstream end of bars (toward bottom of frame) with those in Fig. li-1c. Width of
frame about 2 km. (U. S. Navy Photograph BAR 283-033)
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the apparently identical features photographed on the
flanks ot Nix Olympica (Ref. 11-6: also see Section IV
ot this Revorty torin as liquid lava withdraws from the
already solidified pertions of the flow. The truncation of
older subciannels at the bottom end of bars in the
Amazonis channel indicates active erosion of material,
winch would not be accomiplished by lava.

Fhaidized suspensions of volcanic ash in volcanic gas
(nuees ardentest have been proposed by Cameron (Ref.
HI-T3 & the erosive agent responsible for sinuous rilles
on the Moon. The teniestrial examples cited by Cameron
to indicate that nuées ardentes have significant crosive
power appear. however. to involve a misreading of her
sources. Nuées ardentes av Mt. Pelée characteristically
deposit rather than erode: troughs apparently are formed
only ur steep slopes after the quantity of gas is dimin-
ished to a point at which the flow is essentially a debris
slide rather than a gas-charged flow (Ref. 111-8). The
1783 flow at Asama Volcano eroded only below the point
at which the ash flow encountered and engulfed a pond,
transforming it into a mud flow (Ref. II1-9). The weak
crosive capacity of ash flows probably reflects a Jow
margin of cnergy above that necessary to maintain the
suspension itself: that is. any expenditure of energy for
crosion would result in the coliapse of the flow.

Only a high-density. low-viscosity true liquid moving
over a particalate bed could form chanvnels Jike those
in Amazonis. Water would be availuble with less vinlent
change from the present Martian regimen than such
conceivable alternatives as ammonia or hydrocarbons
or, if the atmospheric pressure exceeded 5 bars, carbon
dioxide itself.

Terrestrial stream channels exhibit systematic ccla-
tionskips between their various dimensional character-
istics and the conditions of flow, and these have been
extensively quantificd. Few of these involve planimetric
data alone, which is nearly all that Mariner 9 provides.
For example, the ratios of meander length and radius
of curvature to the channel width for the northern
channel in Lunae Palus (Fig. 1II-3) lie close to an
extrapolation of the lines of empirical fit for terrestrial
aqueous channels (Ref. I1I-10). It is tempting to apply
more complex relationships to the Martian channels,
for example to use the Manning equation to compute
discharge, but the error involved in estimating small
differences in elevation such as bank heights and slopes
is so large that the procedure seems futile. Qualitative
description and inferences seem sufficient for the present.

In terrestrial braided streams. the bars reflect deposi-
tion and crosion of sediment in a quasi-steady state. Once
material is deposited in the channel, flow is concentrated
in the flanking channels, scouring their beds and eroding
the banks until the bar emerges as an island. In order
for braiding to develop. sediment transport is essential;
in addition. the outer banks of the chamnel must be
crodible. so that they, rather than the incipient bars,
are attacked. Highly braided streams tend to have greatly
and rapidly fluctuating volumes of flow. Bars generally
build up during the high stage until thev are awash.
The relief of the Martian channels is not measurable to
an accuracy that would allow calculation of the cross
section, but the volume of flow of the Amazonis channel,
which is far from the largest on Mars, must have been
at least the proportions of its terrestrial namesake.

The straight or slightly sinuous single channel upstrcam
reflects greater confinement of the developing channel.
There appears to be a raised embankment along the west
bank. I this is not an illusion of albedo, it may be the
edge of a tilted fault block (faults parallel to this occur
in the region) along which the stream was confined, and
which provided a notch that allowed it to break through
the rim of the crater just upstream. Within the crater
there is another complex reach. It docs not appear to be
in a state of equilibrium as does the braided reach, but
to have developed in discrete stages. The smooth-surfaced
high remnant could be a lake deposit formed when the
crater was a closed basin, and the channels of different
character may have developed successively when local
baselevel changed as the crater was breached. The
lineated channels here and on the margins of the middle
section downstream suggest scouring of the bed without
aeposition.

Altogether, the Amazonis channel and the entire set of
narrower, more or less parallel channels form a very im-
mature drainage system, clearly discordant to the cratered
terrain which it traverses. It resembles terrestrial cat-
astrophic flood channels more than evolved river systems.
The most violent flood recognized in the terrestrial geo-
logic record, the discharge of the ice-dammed glacial
Lake Missoula, which produced the Channeled Scablands
of Washington (Ref. III-11), yielded 40 km*/hr (Ref.
I11-12) or 70 times the average discharge of the Amazon.
The erosional landforms produced resemble those in the
upper part of the channel. While depositional bars cccur
in the Channeled Scablands, they do not have the com-
plexity or perfection of those of the lower reach of the
Amazonis channel. The history of the Amazonis and other
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Fig. {1-3. Large channels in Lunae Palus near 22°N, 65°W, North is at the top. Direction
of flow in the two large channels is to the east. Width of frame about 600 km. The area
west of the bend in the southern channel (partly concealed by a dark circle produced in
the Mariner television subsystem) is shown in Fig. 11I-6. (MTVS 4193-90, DAS 07399738)

Martian channels may have involved a succession of cat-
astrophic floods punctuating periods of more steady flow.

Other channels on Mars appear cimilar to those in
Amazonis, but their nature is obscured either by the lack
of good narrow-angle camera coverage or by actual modi-
fication. (Some features resemble, perhaps more than ac-
cidentally, dry desert watercourses choked by windblown
sand.) Teardrop-shaped bars are seen at the mouths of
the two long channels in Lunae Palus, which show bends
that appear to correspond to the free meanders of ter-
restrial rivers (Fig. II1-2). The broadest channels, those
in Chryse, show scoured channel forms and depositional
bars.

The Chryse channels are the only ones for which a
potential source of water is apparent. They head in
chaotic terrain and have tributarics more or less propor-
tional in size to the area of chaotic terrain which they
drain (Ref. I11-1). Sharp et al. /Ref. I11-13) suggested that
chaotic terrain, as seen in the Mariner 6 pictures, is a
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region of decayed ground ice. The relation to the Chryse
channels revealed by Mariner 9 suggests that decay in-
volved not merely evaporation but rapid melting of large
volumes of ground ice. In contrast, there is no obvious
source of water rear the heads of the Amazonis or Lunae
Palus channels,

B. Channels Probably Shaped
by Running Water

A pattern entirely different from that of the channels dis-
cussed above is shown by a channel in Mare Erythracum
(Fig. I11-4). The downstrcam half of the channel shows
the interlocking tight bends with high, sharp-pointed
inner cusps, irregular widenings, and the (apparently)
large depth-width ratio which are f:atures characteristic
of lunar sinuous rilles rather than meandering terrestrial
rivers. Lunar sinuous rilles are now generally regarded
as unroofed lava tubes (Refs. III-14 and IlI-15). The
dendritic pattern of tributaries in the upper part of the
channel is not found in lunar rilles, but resembles that of
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Fig. l1-4. Channel in Mare Erythraeum, approximately 400 kmi in length. Center of frame
near 29°S, 40°W. Lower section resembles sinuous rilles on the Moon; upper section
rasembles entrenched arroyos of deserts on Eaith. (MTVS 4160-78, DAS 06354848;
MTVS 4245-27, DAS 09160804; MTVS 4158-87, DAS 06283028)

entrenched arroyo systems on Earth. Nevertheless, the
entire channel system seemss to exhibit an internal coher-
cnce that makes any twofold hypothesis of origin unap-
pealing, for example a lava tube extended headward by
subscquent aqucous erosion. A larger channcl (Fig. 111-5)
in Rasena with the same high apparent depth-width ratio
but lower sinuosity again resembles lunar rilles. In this
casc its course through heavily cratered terrain makes a
lava tube seem especially unlikely.

The characteristic features of sinuous rilles on the
Moon remain unexplained. Hadley Rille is clearly not
the core of a narrow How (as are the channels on the
flanks of Nix Olympica), but is thought to have formed
during the drainage of a semiconsolidated lava lake (Ref.

34

111-15). Its difference from terrestrial rivers may depend
less on the different rheologic propertics of lava and water
than on the fact that its boundarics are determined by
thermal processes rather than mechanical erosion and
sedimentation. The speculation may be hazarded that
sinuous rille-like channels on Mars may have formed by
the partial melting of a permafrost zone.

The smaller deep valleys on the margins of wide de-
pressions, notably the great equatorial chasm of Mars,
markedly resemble terrestrial canyon systems (Fig. 4a of
Ref. 111-16; also see Fig. V-4a of this Report). In fact, the
larger systems on the south side of the chasm are a good
match in size and in plan for the Grand Canyon of the
Colorado. In both, the side canyons end at steep head-
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Fig. }11-5. Channel in Rasena. Center of frame near 20°S, 182°W. Length of channel about
700 im, The apparently high depth-to-width ratio is more suggestive of lunar rilles than

terrestrial river channels. (MTVS 4167-18, DAS 08606778)
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Fig. II1-6. Two-picture mosaic showing dendritic canyon system developed frem an angular
fracture set. Wind scour has madified the upper plateau level. Note that the ejecta from
the large crater has been more resistant to erosion. The area shown is abcut 50 km wide,
located at 22°N and 73.5°W. Sunlight is from the right. (MTVS 4257-8, DAS 13313735:

MTVS 4297-12, DAS 13313806)

walls, most of which appear to have been ctched out
along joints and faults. The transformation by crosion of
an angular fracture pattern to a system of curving can-
vons can be clearly seen at the bend of the southern
Lunae Palus channel (see Fig, 111-6). A controlling factor

1 the excavation of the side canyons of the Grand Can-
von is artcsian sapping, undermining of the head walls
by springs. The distance from the Colorado River to
which these canvons have reached is roughly proportional
to the volume of ground water flow. Artesian sapping
could be responsible for Martian canyons as well.

Sharp (Ref. I11-16; sec Section V of this Report) pro-
poses that ercsion of Martian canyons takes place by
hypothetical dry sapping in which the clifts are under-
mined by evaporation of ground icc without production
of liquid water. One would expect such a process to act
aniformly on all exposed walls, and thus reduce rather
than increase anfractuosities. Narrow relicts such as those
in the left-hand picture of the narrow-angle mosaic (Fig.
111-7b) saggest that retreat diminishes when the hinter-
land is reduced, which would be the case if ground water
flow toward the scarp were important. Nevertheless, some
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mechanism of CGiff recession on 2 broad front seems ne.
san to evpiaom the many wide, flat-floored vallevs, for
evample those in Linenius Lacus (Fige 11-Tav. Broad
raiieys on Eartht are generaiiv caused by lateral corrasion
by . stream meandering from side to side eroding where-
sver the outside of a bend impinges on the valley wall,
\ different mechanism is probable for at least some val-
leve on \lars. The exhumatien of craters as the cliff re-
treats  see the middle picture in Fig. 11l-7h) points to
some fonmn of sapping rather Jan lateral corrasion. The
mnr an.d outer walls of the bend of the narrower can-
vons. which show a broad cune on the outside and a
cuspate point on the inside, are approximately equidis-
tant from .. «imple curve in the center of the channel.
suggoesting parallel retreat.

In the same valley system. a large mass tilts down into
the vallev (Fig. THL-0h, bottom left). This is not the usual
patterns of slump, in which blocks slip downward so that
their upper surtace slopes back from the valley (which
commonly is seen on Mars, as well as Earth), but one
that suggests removal of a considerable amount of ma-
terial from the lower part of the slump block, not just at
its outer edge. An analogous configuration in Tennessee,
" und by an analysis of topographic data, has heen ex-
plined as a result of ground water sapping (Ref. I11-17).

In cummary. the pattern of cliffs, canyons, and flat-
floored vallevs indicates sapping of some type. Certzin
feater « spe ifically indicate localized ground water sap-
pin_ the- possibly can be explair ! by dry sapping or
a. .+ unlocalized ground water flow. Removal of
deb:. ..mains a problem. Either water was sufficient for
trans port, even ir: valleys and on plains in which Mariner 9
pictures do not reveal the marks of running water, or
the residue after decay of ground ice was so minor, or
finely comminr-ted, that it could be removed by the wind.
Eitber hypothesis is tenable, and both may be true; some
arguments for the first are given below.

The crosional features discussed above have been ex-
plained by the action of water Jargely of subterranean
origin. Melting of gr ~d ice is indicated in the case of
the Chryse channels, which emanate from chaotic terrain,
and is probable elsewhere. A separate question is whether
it has rained (or snowed and melted at the surface) on
Mars. If the Martian surface has a high irSltration ca-
pacity., water would sink underground before it would
gataer into streams large enongh for detectable erosion.
There are many areas on Mars, however, which have
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siall chamnels that suggest a surface source of water
(Figs. LS and Hi-9- The pattern of closely spaced.
slightly sinuous channels joining and redividing to fonm
a reticulate rather than dendritic system, but with a pre-
ponderance of junctions in the downslope direction, re-
sembles that «which develops on steep pediments and
alluvial slopes in arid regions of Earth. On Mars these
channels generally occur on moderately steep but smooth
slopes. particularly on the outer rims of craters. In general.
narrow-angle pictures of these channels are disappoint-
ingly uninformative. in part because viewing conditions
happened to be unfavorable, but perhaps also because
the channels are arcient and have been subsequently
modified by other processes. Excellent narrow-angle pic-
tures, however, have been taken of a set of gullies on the
slopes of Alba (Fig. I11-9). Although here a case could be
made for an origin as lava channels, charnels of this type
occur commonly on the slopes of apparent impact craters
(Fig. 111-8). An atmospheric source for the water is sug-
gested by the fact that the channels head very close to
the ridge crests, and by the presence of channels on both
the inside and outside walls of the same craters. Such
channel nets occur 2bundantly in certain areas of Mars.
Their distribution may have a climatic basis, although
it may in part represent arcas relict from a wider distribu-
tion, where they have not been destroved by subsequent
geologic events.

C. Planation as a General Process on Mars

The product of scarp retreat is a plain at the foot of
the scarp. If, as suggested above, scarp retreat is the
resuit of the action of ruaning water, a plain so produced
may be regarded, in a broad sense, as a fluvial Jandform
to which the channels are merely headward extensions.
Whether water in any significant amount ever flowed
over the surfaces, cxcept near the head scarp and ir the
chaunels, is difficu’ to determine. Certainly the detail
observed in many narrow-angle pictures of such surfaces
points to wind as the active morphologic agent (Ref.
I114; see Section X of this Report), but this reflects the
regime in the present and recent past rather than at the
time of formation of the surface.

It has been established as a basic principle of terres-
trial geomorphology that regional ercsion normally does
not involve a general lowering of ground level, but takes
place by recession of a scarp that maintains a character-
istic angle of slope, leaving a planation surface, or
pediplain, to inark its retreat. A history of development
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Fig. 1il-7a. Broad, flat-floored valley in Ismenius Lacus, debouching into fretted terrain,
Center of frame near 41°N, 342°¥. Width of frame approximately 550 km. (MTVS 4251-47,
DAS 09378149; MTVS 4251-55, DAS 09378289)

Fig. 111-7b. This aarrow-angie mosaic shows the detail in the area outlined in Fig. lil-7s.
Scrap retreat by artesian sapping wouki explain most of the features. (MTVS 428548,
DAS 10650904; MTVS 4251.51, DAS 09378189; MTVS 4210-66, DAS 07975343)
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Fig. JI1-8. Gullies on rim of old impact craters in Sinus Sabaeus, near 9°S, 327°'W.
Width of frame about 300 km. The patterns in this figure and in Fig. 19 resemble zully
systems on moderate slopes in terrestrial deserts, and may have formed by runoff of
precipitation. (MTVS 4261-36, DAS 09736554)

of successive surfaces, or denudation chronology, can be
worked out. Ia the geologically less complex continents,
notably those of the southern hewisphere, attempts to
integrate  morphologic  history  with stratigraphic and
tectonic histories have met with considerable success
(Ref. 11-18).

Analysis of landscape development on Mars in terms
of planation surfaces introduces a perspective to Martian
history that is valuable in supplementing the approach
based on methods used on the cssentially crosion-free
Moon. Although analogies to Earth may be misleading,
they also can he uscful. As a trivial example, it was
suggested in carly press repcrts on the Mariner 9 mission
that the chiffs at the basc of Nix Olympica could be sca
cliffs. The corollury was not considered, that the sur-
faces at the base would then be surfaces of marine
planation. The ineffectiveness of marine erosion in
producing broad, lcvel surfaces was established in the
nineteenth century as the outcome of long controversy.
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The same arguments could be applied to Mars, even if
the former presence of oceans is not excluded a priori.

More significantly, the level surfaces are the key to
dating in Martian history. Relative and cventually abso-
lute dating must rcly on crater statistics. As on the
Moon, either crater frequency or crater morphology
can be used as an index of age; both depend on the
mechanism of erosion. The assertion by McGill and Wise
(Ref. 111-19) that crater degradation has been a contin-
uous process is assuredly premature. There are indica-
tions that some plains on Mars are strippcd surfaces
where erosion has removed a weaker upper layer and
stopped at a more resistant layer. Craters on these sur-
faces may have formed during the carlier period of
exposure. In addition, some level-rimmed craters appear
to be collapse features developed on younger deposits
over the site of Luricd iiapact craters so that their
frequency dates, if anything, a surfacc that is not even
exposed.
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Fig. N1-9. Gullies on slope of voicano Alba near 45°N, 116°W. Width of frame about
60 km. (MTVS 4182-96, DAS 07039903)

If there is no marked layering, planation commonly
works back from a base level sv as to maintain a slope
at a grade on which it is just possible for debris to be
transported. Such graded surfaces appear to exist on
Mars, and would be additional evidence for a gravity-
controlled, presumably fluvial, erosion system, but
more accurate clevations than currently available are
necessary to distinguish them with certainty. The prob-
icm of the control of crosion levels on Mars, whether of
graded or stripped surfaces, is an important one. If
artesian sapping is a major factor in scarp retreat,
stripped surfaces could mark the base of a permeable
(or potentially permeable. if melting is of importance)
layer. The presence of multiple stepped surfaces, how-
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cver, suggests that there is no single planet-wide control
on erosion levels.

Although they may show features relict from an earlier
stage of cratering and a later stage of eolian crosion, the
broad plains may be regarded as the most extensive of
the landforms produced during a fluvial stage ot Martian
history. When this age occurred and whether there was
more than one are problems that seem answerable with
further analysis of the data. Questions beginning “Why”
are of a diffcrent order. If a century of speculation has
not produced a convincing cause for glacial ages on
Earth, the explanation for a fluvial age on Mars may
not be soon forthcoming.
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IV. Volcanism on Mars!

Michael H. Carr
U. S. Geological Survey, Menlo Park, California 94025

One of the carlicst and most significant of the Mariner 9
results was the recognition of prominent voleanic features
on Mars. At the height of the dust storm, which occurred
at the beginning of “he orbital phase of the mission, the
only surface features clearly visible outside the polar
arcas were four dark spots in the Amazonis-Tharsis region,
Each was soon scen to include, at its center, a complex
summit pit. The morphology of the craters, and their
position atop mountains high enough to be above much
of the obscuring dust in the atmosphere, strongly sug-
gested a volcanic origin. As the atmosphere cleared, the
four spots were revealed to be centered on four enormous
shield volcanoes with summit calderas (Refs. IV-1 and
IV-2). Subscquent photography of the remainder of the
planet has revealed a wide variety of volcanic features,
indicating that volcanism has played a major role in the
evolution of the planet.

The volcanic features have a markedly asymmetric dis-
tribution (Fig. IV-1). The planet can be roughly divided
into two hemispheres. One includes nearly all the central
volcanic features and the sparsely cratered plains; the
other, for the most part, is densely cratered terrain, super-
ficially resembling the lunar highlands.

1Publication authorized by the Director, U.S. Geological Survey.
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The volcanic arcas are generally high. The three shield
volcanoes in Tharsis appear to lie on a broad northeast-
southwest trending ridge, approxi:nately 3 to 5 km above
the mean Mars level (Ref. IV-3; also see Section XXXVI
of this Rcport); the largest of all the shields, Nix
Olympica, lies on the western flank of this ridge. The
volcanic features of Elysium are similarly in . region of
high elevation.

Volcanic and tectonic features appear to be closely re-
lated. Fractures radiate in nearly all directions from the
Tharsis region (Ref. IV-4; also see Section II of this Re-
port), especially to the northeast where one of the miost
intensely fractured regions of Mars occurs. Here numer-
ous fractures trend northeast-southwest, the sanm.e direc-
tion along which the three Tharsis shield volcanoes are
aligned. Additional highly fractured terrain occurs jnst
south of Tharsis in the Phoenicis Lacus area, and the
Coprates canyon (“Grand Canyon of Mars”) begins on
the eastern flank of the Tharsis ridge.

Because the Mariner 4, 6, and 7 photography was
largely confined to the densely cratered terrain, the spec-
tacular volcanic constructs of the Amazonis, Tharsis, and
Elysium regions were unsuspected. On the basis of
Mariner 6 and 7 pictures, several authors {Refs. IV-5 and
IV-6), employing arguments similar to those applied to
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Fig. IV-1. Index map showing the location of the main volcanic features patterned. Most lie in the Tharsis-Arcadia and Elysium
regions, but isolated features occur eisewhere. The shaded line marks the boundary between the densely cratered province and

the sparsely cratered plains. Major structures are also shown.

the lunar highlands. suggested that volcanic processes
had been significant on Mars and were responsible for
the formation of many of the craters in the densely cra-
tered terrain. The probiem of the origin of the densely
cratered terrain is not, however, addressed in t} s section.
The concern here is with the obvious volcanic onstructs
which lie largely, but not exclusively, cutside the cratered
terrain. It is assumed that the densely cratered terrain
s a very primitive part of the M-.tian crust. If volcanic
features are widely present there, they bear very little
genetic relation to the younger, less ambiguous, volcanic
features that abound elsewhere.

A. Volcanic Features
1. Shield Volcanoes

The largest volcanic features on Mars are shield vol-
canoes. The term “shield” is applied to terrestrial volca-
noes that are built by successive outpourings of mainly
basaltic lavas into broad, gently sloping structures. Mauna
Loa in Hawaii is the classic example and the largest
active volcanic feature on Earth. It is approximately
200 km across at its base and stands approximately 9 km
above the sea floor. The main mode of eruption is rela-
tively quiet effusion of lavas either along fissures on the
flanks of the structure or from the summit caldera (Ref.
IV-7).

By analogy with terrestrial examples, the term shield
has been applied to several features on Mars which ap-
pear to be broad volcaric constructs w.ch central calderas.

a4
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The most prominent are Nix Olvmpica (18°:3, 134°W),
North Spot (11°N, 104°W), South Spot (3°S, 120°W).
and Middle Spot (1°N, 113°W), all in the Amazonis-
Tharsis region, and an unnamed feature at 24°N, 212°W,
in Elysium. The Martian shields are substantially larzer
than their terrestrial counterparts. The Nix Olympica
shield is 600 km across, and there is some evidence that
its size has been reduced significantly by erosion. North,
South, and Middle Spot are each approximately 400 km
across. The heights are still uncertain, but present indica-
tions are that the summit of Nix Olympica stands 23 km
above the surrounding terrain (Ref. IV-8; also see Section
XXXI of this Report), and that the other shields have
similar, but slightly smaller, vertical dimensions.

Although they differ in detail, the shields all have the
same general characteristics. Each is roughly circular in
outline and has a central summit depression. The central
pit may be simple or complex. South Spot (Fig. 1V-2),
Middle Spot, and the Elysium shield all have simple
summit craters. Nix Olympica (Fig. 1V-3) and North Spot
have complex summit calderas in which successive col-
lapse pits have formed about different centers. At the
scale of the wide-angle camera, the flanks of the shields
have a fine radial pattern that either feathers out into the
surrourding terrain or terminates abruptly at a scarp
marking the edge of the shield. The radial pattern at the
outer edge of the South Spct shield is unusually coarse
and results from numerous radially elongate lobes, super-
imposed on one another, and more rarely from short,
sinuous, rille-like radial depressions (Fig. IV-2). Narrow-
angle detail of the flanks of Nix Olympica (Fig. IV4) also
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Fig. IV-2. West flank of the shield voicano at Nodus Gordii (9°S, 120°W), informally
called South Spot. The smooth-floored central caldera is approximately 140 km across
and surrounded by a smooth zone with concentric graben. Beyond the smooth zone,
the surface has a marked radial pattern made up largely of numerous mutually inter-
secting, radially elongate, lobes. The surrounding plains appear to cover part of the shield
to the southwest. (MTVS 4182-45, DAS 07038748)

reveals Jong, radially elongate lobes and a narrow channel-
like feature, interpreted as a lava channel or collapsed
lava tube, running along the crest of a low radial ridge.
On all the shields a much coarser, crudely concentric,
pattern is supcrimposed on the radial pattern. The con-
centric pattern appears to result from slight breaks in
slope which divide the shield flanks into a series of indis-
tinct, rounded, sometimes mutually inte.  _.ting terraces.

The Tharsis shields have, in addition to the subtle
slope changes, a well developed concentric fracture pat-
tern. South Spot has a prominent set of graben im-
mediately outside the central crater and several less
distinct circular fractures as far out as two crater diam-
cters from the center of the shield. Along parts of some
of the fractures are lines of craters.

North Spot and the Elysium shield (Fig. IV-5) both
have noncentric fractures as far as 300 km from the cen.
tral crater. Middle Spot has numerous concentric graben

JPL TECHNICAL REPORT 32-1550, VOL. IV

on its flanks (Fig. IV-6) in addition to concentric lines of
craters (MTVS 4267-52, DAS 09317609).% Soiie concen-
tric structures occur outside the shicld itself, and very
prominent concentric cracks occur just to the north. Near
the central crater is a different type of circular structure,
part scarp, part ridge; its center is farther north than the
center of the central crater (Fig. IV-7). The origin of the
structure is uncertain. It may have formed by movement
ulong a circular fault or by ring-dike intrusion, or both.

The three Tharsis shields appear to have undergone
modification that is in some way relatew: to the major
northeast-southwest structure along which the three
shields are aligned. The northeast and southwest edges
of the Tharsis shields are embay«d, and the shields are

*Numbers in parentheses that appear in the text refer to Mariner 9
television pictures not included in this section, but that provide ad-
ditional pertinent explanatory material. All Mariner 9 pictures may
be ordered from the National Space Science Data Center, Code
601, Greentelt, Maryland 20771.
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Fig. IV-3. Computer-processed picture of Nix Olympica (18°N, 134°W), the largest of the
Martian shield volcanoes. The structure is approximately 600 km across. The summit
caldera is 65 km in diameter and stands 23 km across the surrounding plains. The edge of
the structure is marked by an escarpment approximately 2 km high. (IPL Roll 1288, 160226)

cut by numerous closely spaced, linear, almost crevasse-
like, depressions aligned along the northeast-southwest
direction. The embayment in the edge of South Spot
almost reaches the central crater. Sparsely cratered ter-
rain surrounds each of the shields, and contacts take vari-
ous fornis. The edge of the Nix Olympica shield is almost
everywhere a steep escarpment against which the sur-
rounding plains abut. In contrast, pla: ;s materials appear
to cover the edges of the three Tharsis shields so that the
radial and concentric structures of the shields are trun-
cated as they dip beneath the plains (Fig. IX-8). Scarps
occur only to the northeast and southwest of the shields,
around the embayments. Here plains materials appear
to have encroached at the expense of the shield to form

steep escarpments. The most prominent of the Elysium
shields grades imperceptibly into the surrounding plains in
such a way that its edge cannot be precisely determined.

Nix Olympica is unique among the Martian shield vol-
canoes in being surrounded by an aureole of what ap-
pears to be highly fractured terrain (Ref. IV-4). This
distinctive unit extends from the edge of the shield to as
far as 1400 to 1500 km from the shield center. It is not
continuous, but complexly embayed by the plains. The
terrain is made up of clasely spaced, elongate, sub-
parallel ridges and troughs such that the tops of the
ridges form accordant summits at a scmewhat higher
elevation than the surrounding plains. The individual

JPL TECHNICAL REPORT 32-1830, VOL. IV
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Fig. iv-4. Narrow-angle picture of the northwest flanks of Nix Olympica showing the fine
surface detail. The arrows indicate radially elor:gate lobes. In the west half of the picture,
on top of a low ridge, is a 250-m-wide channel, interpreted as a lava channel or collapsed

lava tube. (MTVS 4133-96, DAS 05492413)

troughs are for the most part embayed by the plains
materials. Movement appears to have occurred along
arcuate faults, which, west of Nix Olympica, divide the
fractured terrain into a series of blocks that dip gently
northeasr.

The origin of the aureole is unclear. One possibility is
that it is a pediment that formed as the escarpment
around Nix Olympica advanced toward the center of the
shield. Another possibility is that the aureole is all that
remains of one or more ancient shield volcanoes. The
pediment hypothesis implies that the Nix Olympica shield
was once two to three times its present size and that it
has been reduced to its present size by erosion. There
are several difficulties with this interpretation. The sur-
face of the Nix Olympica shield appears to be relatively
young (Kef. IV-9; also see Section VIII of this Report);
a very fine surface texture is preserved on the Janks, and
very few impact cruters are present. Thus, if the aureole
is a pediment, then either it had to form in a relatively
short time during which there was little modification to
the surface of the shield itself, or renewed eruptions

‘M. TECHNICAL REPORT 32.1350, VOL. IV

created a relatively fresh surface on the shield. There is
a strong contrast between the structure of the aurcole
and the structure of the shield. No traces of the large
arcuate faults that cut the aureole can be found on the
shield. The finer-scale fracturing of the aureole is also
absent. The major structures of the aurcole are so large
that a considerable thickness of younger deposits would
be required to achieve their complete burial. The impli-
cation is that the aureole is older than much of the upper-
most portions of the shield, suppo.ting the hypothesis
that it represents the remnants of one or more old shield
volcanoes similar to Nix Olympica but long .ince de-
stroyed.

2. Domes

In the Tharsis region are several volcanic constructs
that differ from the shields by being smaller and having
steeply sloping sides. Their genetic significance is uncer-
tain. They may be the form that a shield takes with only
a small volume of lava. On the other hand, they may
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250 km across and markedly symmetrical. Concentric fractures occur as far as 300 km
from the central crater. The surrounding plains are more heavily cratered than in the
Tharsis region. (MTVS 4298-43, DAS 13496123) (b) Narrow-angle detail showing the
central crater and the fina radial structure on the flanks. (MTVS 4298-39, DAS 13496088)
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Fig. IV-6. Two-picture raosaic of the shield voicano at Pavonis Lacus (1°N, 113°W),
informally named Middie Spot. The entire structure is approximately 400 km across. The
central crater is 40 km in diameter and intersects a ring structure to the north. Concentric
graben occur both on the fianks of the shield and in the surrounding plains. To the
northwest are emibayments in the edge of the shield. (MTVS 4184-54, DAS 07111128;
MTVS 4.84-60, DAS 07111198)
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Fig. IV-7. Oblique narrow-angle view of the central pit and ring
structure of Middle Spot. The smooth crater-free floor and talus
on the walls of the summit pit are clearly visible. Radial ridges
similar to lunar mare ridges connect the central pit to the ring.
The dark patches formed during the mission and are almost
certainly eolian in origin. (MTVS 4267-44, DAS 09917329)

indicate a different lava chernsiiv. They are sufficiently
distinctive morphologically to be separated from shield
voleanoes and are here termed “domes.”™ At 13°N latitude,
91° longitude, is a dome approximately 180 km across
with a central summit pit 60 km across (MTVS 4189-72,
DAS 07255398). The flanks are smooth, convex upward,
and form a sharp contact with the surrounding plains
(Ref. IV-2), The central pit is complex, consisting of sev-
cral nested craters, cach with steep walls and level,
sparsely cratered floors (MTVS 4231-39, DAS 08657889).
Some larger, more subdued, circular depressions occur
on the flanks on either side of the central pit. Another
150-km-diameter dome at 24°N, 97°W, differs markedly
from the one just described (Fig. IV-8). Numerous cle cly
spaced, fine channels run from the central pit down the
flanks of the dome and disappear under the surrounding
plains (MTVS 4271-52, DAS 10061459). A larger channel,
2 km across, begins in the central crater and ends in an
irregular depression in the plains just beyond the edge
of the dome. Several other more subdued domes also
occur in this same north Tharsis region.

A different type of dome occurs in Elysium at 32°N,
209°W. It is approximately 200 km across, has a flat top,
but steep sides that terminate abruptly against the sur-
rounding plains (Fig. IV-9). At the resolution of the
wide-angle camera, the top of the dome appears rough

in contrast to the smooth appearance of he two donies
previowshy deseribed. The feature Tacks a prominent cen-
tral pit. but there are nuacerons small eraters «« 15 kv
on the surtace, the largest appears to be a caldera that
has underszene several episodes of collapse (Fig, IV-1640
Radiating trom the crater are several narrow channdls,
chains of craters. and numerous fine striac. A narrow
sinuous channel oceurs at the castern edge of the deme
at its junction with the surrounding plains. The surface
features of the dome appear to dip under the surround-
g plaine, except to the west, where an escarpment cats
into the dome (Fig, TV-10h).

3. Craters

Several craters, morphologically distinet from ty pical
impact craters, occur in the Tharsis and Elysium regions.
These craters are presumed to be voleanic, Particularly
distinctive because of their scalloped outlines are multiple
craters at 40°N, 110°W (Fig. 1V-11), 36°N, 93 W (Fig.
IV-8a), and !1°N, 185°W. Crater rims, where present,
have a smooth surface that terminates against the sur-
rounding terrain with a sharp break in slope, giving the
features very distinet circular outlines. These circular
outlines contrast markedly with the irreguiar stellate out-
lines that characterize the rims of large, fresh impact
craters. Other probable voleanic craters to the west of
Middle Spot have a simple outline, but they also have
smooth, regularly shaped, well demarcated rims.

The craters at 40°N, 110-W, arc at the center of a
much larger circular strocture, The regional northeast-
southwest fracture patterns are deflected around  the
structure, so that the fractures form an almost complete
ring approximately 700 km in diameter (Fig. IV-11). At
the center of the ring is a complex of several intersecting
craters. Fain. radial ridges connect the craters to the
fracture ring; otherwise, the terrain within the ring is
relatively featurcless. Outside the ring is a faint radial
pattern similar to that at the edges of the ] ige Tharsis
shicld volcanoes. Narrow-angle television pictures show
the radial pattern to result partly from numerous fine
channels with well developed tributaries (MTVS 4182-
96, DAS 07039903). Several impact craters occur both
on and within the fracture ring. In the discussion below,
a case will be made for this feature being an old, partly
collapsed, shield volcano.

4. Other Central Volcanic Structures

Throughout the cratered province are many craters
with morphologics difficult to reconcile with a simple
impact origin. Many :nay have been changed so
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Fig. V8. (a) Dome, 150 km in diameter, at 24°N, $7°W. To the northeast comer cf the
picture is a large voicanic crater with a scalioped outiine and smooth, well defined rim.
(MTVS 4187-90, DAS 07183788) (b) Narrow-angle picture showing the channels on the
flanks of the dome. A 2-km-wide channel begins in the central pit and ends in a shallow
depression in the surrounding plains. Numerous other narrower channeis sxtend down the
flanks of the dome and are cut off at the base by the surrounding plains. (MTVS 4271-52,
DAS 10061439)
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Fig. IV-9. Flat-topped dome at 32°N, 209°W, in Elysium, The
structure is approximately 200 km across, has a very sharp
outhne and no large central summit pit. A channe! runs along
the northeast edge of the structure. To the west is an embay-
ment around which an escarpment has developed. (MTVS
4242-56, DAS 09054544)

thoroushly by colian processes that the characteristics
of impact have been almost completely  obliterated.
Others. howeser, are so unlike typical impact craters
that some furm of volcanism must be invoked to explain
their origin There are widespread areas formed by
volcanic plains in the cratered provinee (see below), so
that the presence of voleanic craters in the region is
not surprising. Two particularly striking examples are
deseribed here

In the cratered terrain at 23°S, 233°W, is a probable
velcanic feature unusual both in jts location outside
the main volcanic regions, and in its pecaliar morphology
{Fig. IV-12). The feature lies weli within the cratered
torrain, but in an area where there appears to be a
relatively voung, sparseiy cratered unit, which resembles
the lunar maria. At the center of the structure is a
circular depression, approximately 15 km across, con-
nected by a channel to an clliptical depression of similar
dimensions, 35 km to the southwest. Around the central
depression is a fractu-e ring approximately 45 km in
diameter. Numerous n !ges and depressions extend out-
ward from the ring as far as 200 km. A 4-km-wide, flat-
floored channel extends to the southwest of the ring; a
narrower, more sharply defined channel occurs to the
northwest; scveral oth. . channels may be seen to the
west. The castern part of the shacture appears to be
buried by matcrial resembling that of the lunar maria.

The structure has been given the informal name of
“dandelion” becavse of ity flower-like appearance.

Abhont 5ot km southwest of the “dandelion™ is another
probable voleanic construct (Fig, V131 An indistinet
depression, 70 km in diameter, occers in the center of a
structure approvimately 330 kin across. The flanks have
4 pronounced radial pattern that terminates abrupth
against the surs wunding plains. Several irregular depres-
sions suggedtive of collapse occur in the plains bevond
the edue e the central structure. The number of impact
craters on the feature suggests that at is much older than
the volcanic fewtures of the Tharsis and Elvsium regions.

5. Volcanic Plains

While the radially symmetric volcanic structuies such
as the shiclds and domes present the most spectacular
evidence of volcanism on Mars, the materials that form
the sparsely cratered plains may be volumetrically more
significant. The plains. which surround the central struc-
tures, are relatively featureless at the resolution of the
wide-angle camera.  Narrow-angle  pictures.  however.
commonly show long, low. lobate scarps (Fig. IV-10b)
that strongly resemble features in Mare Imbrium on the
Moon. The hmar scarps. which have been widely inter-
preted as lava flow fronts, are difficult to discern. and
relatively few have been dncumented. In contrast. lobate
flow fronts arce visible on many, if not mest. of the
narrow-angle pictures of the plains in the volcanic
regions of Mars. Ridges similar to lunar mare ridges are
also common, particularly on some of the more heavily
cratered plains. By analogy with the lunar maria. then.
the plains are probably largely volcanic in origin. Eolian
deposits may be present locally, and are particularly
likely in those arcas where little surface detail is appar-
ent. It is clear, from the different extent to which the
plains have been cratered, that they are not everywhere
the same age.

In many areas of the densely cratered provinee, the
cratered surface appears to be partly or wholly covered
by plains-forming matcrials. In some places, as around
the volcanic feature at 23°S, 253°W, the cratered terrain
appears to be completely buried; in other arcas, only a
subdued impression of the largest craters is apparent.
In yet other areas, only the smaller craters are buried.
Such cffects could result from colian deposition and this
almost certainly has occurred. However, volcanic activity
also appears to have been widespread, as indicated by
lobate scarps (as at 5°S, 343°W), lunar- nare-like ridges,
and irregular depressions, and products of this activity
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Fig. IV-10. (a) Narrow-angle detail picture of the Elysium dome shown in Fig. IV-9. Lines
of craters and fine channels radiste from s 9-km-wide pit that has undergone muitiple
collapse. The fine channels disappear under the surrounding plains in the extreme south-
west comner of the picture. (MTVS 4242-39, DAS 09054379) (b) More narrow-angie detall
of the Elysium dome showing the escarpment at the west edge and the radial channels
buried by the surreunding pinins, Lobate structures on the plains are strongly suggestive
of lava flows, (MTVS 4298-5i, DAS 13496368)
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Fig. IV-11. Arcadia ring at 40°N, 110°W. A northeast-southwest trending set ¢t ifractures
is deflected around a circular structure to form a fracture ring 600 km across, At the
center of the ring just below the dark band are some shallow depressiors with scalioped
walls. Radial ridges connect the depression and the fracture ring. Outside the fracture
ring, the terrain has a radisl pattern similar to that on the flanks of tir= Tharsis shieids.
The white patch to the northeast is a cioud. (MTVS 4222-69, DAS 08371134)

mayv cover much of the cratered surface. Thus, although
the most spectacular volcanic features occur in the
sparseh cratered regions, both voleanic plains and cir-
cular constructs are found within the densely cratered
provinee indicating that volcanism has been in effect
all over the planet.

B. Discussion

In this discussion, it will be argued that the crust of
Mars, in contrast to that of Earth, is stationary with
respect te the rest of the planct. There are no apparent
Martian equivalents of terrestrial subduction zones and
mid-oceanic ridges that accompany crustal plote motions.
The volcanic features typically associated with these
zones on Earth are similarly absent on Mars. On the
other hand, Martian cquivalents of intra-plate volcanic
features, such as shield volcanoes and flood basalts, do
occur, albeit in a somewhat different form because of

the lack of plate movement. It will be fusther argued
that volcanism has been an active proce  mee ven
carly in Mars history.

One of the most striking charactenstics of the volcanic
features on Mars is their distribution. Mars can be
divided into two hemispheres by a plane dipping 50°
to the equator such that on one hemisphere are nearly
all the voleanic features and sparsely cratered plains,
and on the other is nearly all the densely cvatered ter-
rain. The division is not exact, as some cratered terrain
occurs in the volcanic hemisphere and vice versa; never-
theless, the difference between the two hemispheres is
striking. By analogy with Earth, one can invoke a simple
convection ccll within the mantle of Mars such that
upwelling occurs in the volcanic province and down-
welling occurs in the cratered province. Some support
for this model is derived from the fracture pattern uround
the Tharsis region. Fractures extend several thousand
kilometers out in different dircctions from Tharsis to
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Fig. IV-12. Volcanic complex in Mare Yyrrhenum (23°S, 253°W). Numerous channe!s and
low ridges radiate from a 15-km-diameter central depression surrounded by a fracture
ring 45 km across. The eastern part of the structure is partially buried by the adjacent
plains materials, which resemble lunar maria. (MTVS 4238-56, DAS 08909224)

forin @ pattern similar to that which occurs, on a much
smaller scale, around  terrestrial diapirs such as salt
domes. The fractures are what one would expect from a
broad domical uplitt around Tharsis as might be caused
by upwelling of the underlying mantle.

Even if such convection has occurred in the Martian
mantle, it does not appear to have caused different parts
of the crust to move laterally with respect to one another.
It is tempting to look upon the Coprates canyon as a
rift zone, away from whick the crust has moved, and to
interpret the Phoenicis Lacus rift zone as a transform
fault. This interpretation does not, however, survive
close scrutiny. as the complementary transform fu lt at
the cast end of the canyon is missing and there is no
evidence of lincar subduction zones anywhere on Mars.
Terrestrial subduction zones, with their intensely folded
arcuate mountain belts, are evident even on very poor
.atellite pictures, and on Mars any subduction zone
should be similarly visible. The almosi complete lack of
other compressional features or strike-slip structures also
argues forcibly for a crust free of lateral movement. This
conclusion is strengthened by the iypes of volcanic
features on Mars, their distribution, and their size.
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1. Factors Contributing to incidence of Volcanism

The incidence and type of most terrestrial volzanoes
are closely controlled by movement of the crustal plates
with respect to one another (see, for example, Refs.
IV-10 through IV-12). Most, but not all, volcanism is
concentrated along the plate junctions, the type of vol-
canism depending on the type of junction. Along mid-
oceanic ridges, where new crust is being formed, voleanic
activity is mainly tholeiitic, accompanied by minor
amounts of alkaline and olivine basalt {Ref. 1V-13). At
subduction zones, where the plates are consumed, vol-
canism is more varied. In the case of a continental plate
over-riding a downgoing oceanic plate, the volcanic belt
may bhe zened, either with tholeiites near the junction
and high-alumina basalts and alkali basalts in succession
inland. or widi andesites near the junction and more
potassic rocks inland (Ref. IV-14). At the junction of two
oceanic plates, magmas are mainly andesitic; at
continent-to-continent junctions. very little volcanism
occurs (Ref. 1V-12). Several types of terrestrial voleanic
activity are difficult to relate to plate margins and sub-
duction zones, although they may have been affected
by plate movement. Conspicuous among thése are the
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Fig. IV-13. Volcanic dome at 29°S, 264°W, at the northeast edge of the Hellas basin. The
central depression, at the western edge of the picture, is indistinct, but a strong radial
pattern on the flanks is clearly visible. Superimposed craters suggest a relatively old age.
(MTVS 4290-04, DAS 11974069)

volcanics of mid-occanic islands such as Hawaii, the
subacrial flood basalts such as those of the Columbia
River platcau (Ref. 1V-15) and Greenland, and the con-
focal volcano-tectonic complexes such as those of the
Mogollon platcau (Ref. 1V-6).

It is enly these Jast three types of features that appear
to have cquivalents on Mars. There are certainly many
resemblances between Hawaiian and Martian shield vol-
canoes. and between the Columbia River basalts and the
\Martian plins. A less convincing case can be made for
resemblance between some of the large ring structures on
Mars and terrestrial ring complexes. Features resembling
stratovolcanocs and breached structures that might be
indicative of explosive activity are notable for their
absence on Mars. Terrestrially, these types of volcanoes
{pyroclastic and explosive) are most common inland of
subduction zones in areas of andesitic or alkalic volcanism.,

Preara

2. Comparison of Nux Olympica With Hawaiian
Shield Volcanoes

Comparison of the terrestrial and Martian shield vol-
canoes will be explored in some detail, as each feature
may contribute to the understanding of the other. The
Martian shicld volcanoes appear to be much larger than
their terrestrial counterparts. The large size of the shields
on Mars may result from being stationary over a magma
source for a long period of thae; in contrast, terrestrial
shicld volcanoes are almost certainly moving with respect
to their meoma source in the martie, and become extinct
before achieving a comparable size.

The largest and best known terrestrial shield volcanoes
occur in Hawaii. Active shields lic at the southeast end of
the Hawaiian Empcror chain, a line of extinct volcanocs
that stretches several thousand kilometers across the
Pacific Ocean (Ref. 1V-186). The presently active Hawaiian
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voleanoes, Kilauea, Mauna Loa, and Hualalai are at the
southeastern end of the Hawaiian Archipelign: the other
Hawaiian voleanoes become progressively older to the
northwest (Ref VAT Simglarly. che submarie ol-
canoes that make up the Hawaiian Emperor chain be-
come progressively older to the northw st such that Keko
Seamount  about 300 km from Hawaii. is 46 million
vears old (Refo IV-151 Each individual voleano of the
chain appears to go through a similar evolutionary «vde.
an initially rapia stage of building by the quict effusion
of tholeiitic lavas is followed by a less copious, more
prroddastic stage with crupt:on of more aikalic basalts.
howaiites, and mugearites. In the final stazes. nephelinitic
and related rocks may be eruptedd, after which the vol-
cano becomes inactive (Ref. TV-19)

According to Swanson (Ref. IV-20), the ratc of magma
supplv 10 Rilaaca and VMauna Loa since 1952 averages
W1 km /vr. which could build the present Mauna Loa
steucture within 03 million years (Ref. IV-7). This figure
is consistent with K-Ar dates (Ret. 177-17) and paleomag-
netic data (Ref. 1V-21). There is. however, some evidence
that the eruption is cpisodic and that the very recent
rates may be a maximum for the Hawaiian Emperor
chain as a whole (Ref. 1V-22). The source of the magma
is problematical, but Farthquake tremors as deep as 50
to 60 km directly beneath Kilauea (Ref. 1V-23) and
exctic xenoliths in some of the lavas (Ref. IV-24) have
been interpreted as indicating origin from depths of at
least 60 'm.

Wilkon (Ref. IV-23) suggested that the Hawaiian
Islands formed as the crust and the rigid part of the
upper mantle moved northwest over a fixed “hor spot” in
the mantle. Morgan (Ref. 1V-26) extended the concept
to include the entire Hawaiian Emperor chain as well as
several other chains within the Pacific Basin. He also
introduced the concept of “convection plumes” in the
wer mantle. According to Morgan, thermal instabilities
near the corc—mantle boundary caused upward convection
of a plume of hot mantle rocks. Where the plume comes
in contact with the rigid lithosphere, its constituent mate-
rials <pread out over a large area to nigrate slowly back
down to the lower mantle. Shield volcanoes form over
the plumes and beceme extinet as the plate on which the
shicld sits moves away from the site of the plume. Pro-
tricted movement of the Pacific platc over the stationary
plume presently under Hawaii has resulted in the
Hawaiian Emperor chain.

If we ass'une that in the Martian mantle, bencath Nix
Olympica, & plume exists thet is similar to the one pro-
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posed beneath he Hawaiian Emperor chain, we can
calculate how loag it would take to build Nix Olvmpica.
Recent photogrammetric data indicate that the summit
ol Niv Olrmipica is 23 km above the surrounding plains.
which is in ood agreement with the uloaviolet spec-
trometer value of 23 k. Taking 90 km as the diameter
of the summit pit. and 600 km as the diameter of the
endre structure, then the volume ot Nix Olvmpica is
26 > 100 km . Shaw (Ref IV-22) estimates that. in about
the ast 45 million vears. 85 ~ 10" km of lava have
crupted to form the Hawaiian segment of the Hawaiian
Emperor chain. This gives a rate of accumulation of
about 2 » 0 ¢ km/vr over the last 43 million vears. If
we assume the same rate for Nix Olvmpica, it would take
130 million years to construct the entire shicld. Clearly
this number has value only for comparative purposes, as
we have no idea what the accumalation rates actually are
on Mars. One hundred and thirty million vears may be a
minimum accumulation age because, for comparison, we
have chosen the Hawaiian Emperor chain. which is the
most active voleanic feature on Earth. The choice was
based partly on analogy and partly on the fact that more
is known about Hawaii than any other active volcanic
feature. A more valid com_ ‘rison might be made wiih
some of the less active nad-oceanic islands such as
Reumon and the Galapagos but accurate data on erup-
tion rates are not available. It appears likely, however,
that Nix Olvmpica would take a few hundred million
vears to build at the lower eraption rates that are more
tvpical of mid-occanic islands.

Almost certainly we are not sceing all of Nix Olympica
that once existed. Part has been destroyed by whatever
mechanisie is calied on to form the escarpment around
the structure; part must be hidden because of subsidence
of the crust under th weight of the huge volcanic pile.
Considering these probable hidden and destroyed parts
of the shield. it is not inconceivable that Nix Olympica
cculd have been accumulaung for as long as a billion
vears. Furthermore, if the interpretation of the aurcole
of grooved terrain around Nix Olympica as remnants of
ancient shields or extensions of the main structure is
correct, then volcanic activity may have been taking
place at the site for considerably longer than this. The
alternative to this reasoning is a high rate of eruption
compared with the most typical terrestrial analogs.

The probable long accumulation time implies that the
Martian crust was stationary with respect to the mantle
for long periods of time. Astcnishing rates of volcanism
would be required to build Nix Olympica if Martian
crustal plates were moving with respect to the magma
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source. Other featares of Martian voleanoes reflect this
lateral stability. Their radial «s nimetry and lack of con-
ticuous chains contrast with the Hawarian shields. swhich
Winost cerbaiudy for in chains as a esuit of relative
shifte hetween terrestrial lithosphere and mantle. The
apparent lack of Martian voleanic constructs indicative
ot prroclastic activity is also worth noting. In the case of
the Hawaiian shiclds, the Thte pyroclastic, alkalie stage
has been attributed to differentiation in a lithospheric
magma chamber that has been isolated from the magma
source deep in the mantl 4y o result of plate movement
(Ref. IV250 If o stable Mars crust is assumed. a magma
chamber in the lithosphere heneath the voleano could not
be cut off from the magma sonrce to fractionate in isola-
tion and produce alkalic differentiates. The late pyro-
clastic stage. therefore, would not be expected to occur.
[1t should be noted, however, that Jackson and Wright
(Ref. IV-24) do not avrce with Wilson that the alkali
lavas are differentiates that form as a result of phase
movement. They belicve that copious cruption of tholeiitic
basalts leads to chemical heterogencities in the mantle.
Fractional melting of different variants leads to eruption
of alkali lava.]

The conclusion that plate movement does not occur on
Mars and that Nix Ohmpica was stationary over its
magra source has important implications for the origin
of terrestrial shield velcanoes. Some hypotheses of origin
invoke localized convection in the mantle to create the
melting zone over which the volcano develops. In these
hvpotheses, plate motion is incidental and not necessary
for the volcano to originate. In other theories, melting is
caused by interaction between the moving lithospheric
plate and the mantle heneath. Here plate motion is a
prerequisite. Shield voleanoes appear to have developed
on Mars without the help of vlate iectonics, which lends
credence to the hypothesis in which plate motion is not
required.

The height of Nix Olympica has implications regarding
the depth of origin of the magma. Eaton and Murata
(Ref. IV-27) suggested that differences in density between
the lavi in its condvit and the surrounding rocks creates
a hydrostatic head. They caiculated that, for delivery of
magma to the summit of Mauna Loz, a depth of origin
of 57 km is required, which is consistent with the Earth-
quake data. A similar calculation cannot be made for
Mars because the densitics are so uncertain. If the
density  differences were, however, the same as for
Mauna Loa, then a 130-km depth of origin would be
required. Whatever the actual value, a ngid crust sub-
stantially thicker than that of Earth is indicated. This

conclusion is consistent with the gravity anomalies that
occur in the Tharsis voicanic region (Ref. 1V-29),

3. Comparison of Nix Olympica With Other Martian
Shield Volcanoes

Nix Olvmpica has the freshest appearance of all
Martian shicld voleanoes. Several lines of evidenee sug-
aest that the Thanis volcanoes are older and in various
stages of collapse. ©.ne surfaces lack the fine texture that
occurs on the flanks of Niv Olympica. suggesting an older
age for their surfaces. Al of the Tharsis shiclds have
arcuate faults on their fanks and in the plains jus
bevond the edee of the shiclds. These are lacking at Nix
Olvmpica. The structures are interpreted as faalts along
which the central part of the structure has subsided.
Of the three Tharsis shiclds. South Spot appears to be in
the most advanced stage of collapse, and North Spot
appears to be the freshest. The large size of the summit
pit of South Spot compared with the other shields sug-
gests that it has been enlarged by collapse along arcuate
fau'ts similar to the ones that presently bound the central
crater. An older age for South Spot is also indicated by
the lack of definition of the central crater in the north-
west. Of the three Tharsis shiclds, South Spet also
appears to be in the most advanced state of destruction
by crosion. The lobate structures at the outer margin
are very coarse, embayment by the plains is extensive,
and the embayments to the northeast and southwest are
the most well developed. All of these factors. while not
proof, are suggestive of an inactive structure. certainly
older than Nix Olympica. and probably older than Notth
and Middle Spots.

The large circular structure in Arcadia (Fig. 1V-11)
may represent a yet more advanced state of collapse of
a shield volcano. The structure consists of a fracture
ring, 600 km in diameter, in the center of which are the
remnants of some caldera-like pits. Outside the fracture
ring, the terrain has a radial texture very similar to the
Tharsis shiclds. It is suggested that this is a very old
extinet shield, the center of which has collapsed along
arcuate fractures. An alternative interpretation of the
featurc is that it is analogous to terrestrial confocal vol-
cano-tectonic ring complexes (Ref. 1V-6).

The oldest central volcanic features occur within the
cratered province. The features are too small to have a
sufficient number of craters for satisfactory statistics;
nevertheless, the superimposed craters do provide some
measure of relative age. For the shield volcano to the
northeast of Hellas, the number of superimposed craters
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up to 40 koo diamcter i indistinguishable from the
1est of the donsely cratered proviee. At 40 kin, the curve
toi the densely cratered terrain crosses the 3-billion-
voar isochron cee Ret IVA90 alo see Socton VHT of this
Report —indicating a4 veny old age for the feature, A
similar shield at 975195 W, has a crater density inter-
mediate betwean the Tharsis shiclds and the Hellas
\’.il'](l

4. Volcanic Plains

Most of the plains have been divided into three broad
units on the basis of the number of superimposed craters;
« fourth plains unit. which occurs only in the high north.
ern latitudes. appears to be mantled by vounger material
‘Ref. IV abso see Section 11 of this Report). The crater
trequencies on the three non-mantled units are shown in
Fig. IV-11 Mcaningful counts are not possible for the
mantlod units because of the overlving materials. The
most heavily cratered plains unit has a crater density
that approaches that of the densely cratered province.
The crater distribution suggests an age of 1 to 2 billion
vears if the age estimates of Hartmann (Ref. 1V-9; see
Section VI of this Report) are correet. The less densely
cratered umits indicate ages of several hundred million
vears.

Caution should be exercised in interpreting these ages.
Hartmann's isochrons are calculated on the assumption
that most of the impacting bodies are asteroidal. He
determiues the flux history of Earth and the Moon, then
makes estimates of the cratering history of Mars by tak-
ing into account the distribution of asteroids between
Earth and Mars and the different cratering effects on
Earth, Moon. "nd Mars. He estimates his error as a factor
of 3, but the crror could be much larger than this if the
large impact cratei. on Earth and the Moon are pri-
marily cometary in origin and not asteroidal. A high
cometary component would result in older ages for Mars
because of the smaller difference in the number of com-
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ctary impacts between Earth and Mars as compared with
asteroidal impacts. Whatever the actnal age, the point
to be emphasized is that some of the volcanie plains ap-
pear to be old and may well be in the range of 1 to 4
billion vears, suggesting an carly beginning to Martian
voleanism. This is consistent with the long accumulation
age sugeested for Nix Olympica and the apparently old
age of the voleanic feature at the edge of Hellas.
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Fig. IV-14. Crater counts on different plains units are compared
with the crater frequencies for the densely cratered province.
Isochrons showing possible ages are from Hartmann (Ref.
IV-9; also see Section Vill of this Report).
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V. Mars: Troughed Terrain'

Robert P. Sharp

Division n{ Geological and Planetary Sciences
California Institute of Technology, Pasadena, California 91109

One of the spectacular reselations of the Mariner 9 pic-
tures was the assembl 1ge of huge troughs in the Tithonius
Lacus~Coprates iegion of equatorial Mars. These fea-
tures represent a significant phase in the planet’s evolu-
tion, and their interpretation although necessarily highly
speculative is justified by the potential for indicating
somcthing of the nature of surficial and internal con-
ditions and processes of Mars.

Although the terms “canyons” (Ref. V-1) and “canyon-
lands” have been widely used for these features and this
terrain, presumably because of a similarity to the deeply
dissected high plateaus of western United States, these
designations do not appear particularly appropriate.
Some of the “canyons” are actuall’ closed depressions
(Fig. V-1a), and others, although joined together, do not
compose a normally integrated trunk and tributary sys-
tem, and their floors are not smoothly graded. The term
“canyon” also implies a genesis by running water (Ref.
V-2). For these reasons, the individual features are herein
termed “troughs,” and the area they inhabit is called
“troughed terrain,” terms designed to be purely dsscrip-
tive without genetic implications. This is a brief and
preliminary report on these features, which will un-
doubtedly be a subject of more detailed future treatment.

'Contribution 2263, Division of Geological and Pianetary Sciences,
California Institute of Technology, Pasadena.
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A. Salient Facts Concerning Troughed
Terrain

1. Geographic Location

Troughed terrain occupies an equatorial belt extending
from about 0° to 16°S latitude between longitudes 45°
to 90°, This is largely within the classical Marfian dark
areas of Tithonius Lacus, Coprates, and the westernmost
part of Aurorae Sinus. It is now clear that individual
dark markings on Mars earlier recognized by Earth-
based telescopic observations, as for example Coprates
and Agathodacmon, lie within this belt of troughs. Some
expression of these features has thus been seen from
Earth, but too dimly to perceive their true nature.

2. Dimensions

Individual troughs range up to 200 km wide and
several hundred kilometers long. Cumulatively, the
troughs compose a belt with a maximum width of 500
km and a length of 2700 km. Simple calculations, as-
suming conservative average wall slopes of 10°, irdicate
maximum depths of at least 3 km; photogrammetrical
data yield a similar value (Ref. V-3; also see Section
XXXXII of this Report); Earth-based radar measurements
suggest 4.5 km (Ref. V-4); and ultraviolet spectrometer
data have been interpreted as indicating 6 km. -



Fig. V-1. (a) Closed trough 350 km iong and estimated more than 3 km deep; located
0.2°S latitude, 76.5° longitude. (MTVS 4193-54, DAS 07399108) (b) Elunt-ended trough
with small troughs presumably developed from pit chains continuing beyond. Swirl-like
markings on floor may indicate dissection of a layered floor deposit; located 4.9°S latitude,
77° longitude. Overiaps south edge of Fig. V-1a. (MT/S 4193-43, DAS 07398738)
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The trend of most troughs, as well v the belt they
compose, s paraliel on w bearing E15°S. In detail,
trongh walls are highly irregular with projecting points,
sharp indentations,  arcuate scallops, and large open
cmbayments. Some trough ends are acute, but most are
blunt, and a few are almost rectangular (Fig. V-1b).
Some troughs are wholly closed depressions (Fig. V-1a),
with a vertical closure estimated in excess of 3 km,
assuming a conservative w Ll slope of 10°, The floors ot
adjoining troughs do not appear to be giaded along a
continuous profile.

4. Trough Floors

Large parts of trough foors look topographically
featureless at a resolution of 1 to 2 km, However, narrow-
angle pictures with much greater resolution show *hat
thes are mostly a chaot.. jumble of angular forms (Figs.
V-2h and V-2¢), irregularly knobby, or marked by
rounded rolls and hummocks (Fig. V-3b). Albedo mark-
ings on trough flrors are stronger, more numerous, and
geometrically: more complex than on the adjoiring up-
land. Complex swirl patterns are locally visible (Fig.
V-1b). Only a small number of bowl-shaped craters (0.5
to 1 km) are seen on trough floors in addition to a few
larger (to 30 km), indistinet circular fe.ms. Tice possi-
bility that the troughs may be fossil features, albeit
voung fossils. with respect to the current Martian
environment needs to be kept in mind. If this were so,
the present irregular topograpiv - 1o -vh floors may
not represent the conditions al ne troughs
were formed

Rising as much as 3 ki (Ref. V-3) above the floors of
several troughs are narrow, spinclike, intra-trough ridges,
with widtns up to 20 km and lengths to 300 km (Figs.
V-3L and V-4b). In one place. a flat-top tableland. 90 km
long and 35 km wide, rises more than 2 km abuve a
trough floor (Fig. V-5a). The topography and ma. kings
on its flanks, revealed by narrow-angle pictures, caggest
near-horizoutal layered materials (Fig. V.5b). The lower
slopes, starting ¢ a uniform level, are intimately rilled
and slide scarred. lIrregular, but conformable, albedo
patterns elsewhere on trough floors (Fig. V-1b) may indi-
cate similar deposits. Such deposits and their dissected
conditior indicate a complex history of trough-fivor
evolution.

5. Trough Wolls

A sharp brink separates trough walls from the uplund
surface, and below this rim the walls are usually steepest
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(Figs. V-2b, V-2¢, and V-6bj. The upper parts of many
walls are scarred by U-shaped chutes that descend fully
developed from the brink (Figs. V-2h, V-2¢. and V-4b)
These chutes give way below either o smooth slopes or
to an anastomosing complex of sharp ridges separatcd
by broad open swales or gullics, snmewhat resembling
but not wholly comparable in detail to badland topog-
raphy (Fig. V-6b). The flanks of intra-trough ridges arc
similarly sculptured (Fig. V-4b). Some long slopes dis-
play all three characteristics: U-shape chutes, smooth-
ness, and anastomosing ridges.

Aside from a greater coherence possibly ~uggested by
the steepness below the rim, lavering is not generally
scen in materials cemposing mast trough walls. ‘This may
be partly a matter of resolution, as faint suggestions of
near-horizontal layering are seen in one specially treated
picture of an intra-*rough ridge (Fig. V-4b). Knobs, spurs,
and other irregularitics on the walls suggest that other
types of inkomogeneity exist within the wall materials.
One prominent spur. projecting 75 km outward from the
wall, may mark the location of a dike (Fig. V-3a), and the
shape and arrangement of some narrow spurs and ad-
jacent re-entrants suggest local structural control, prob-
ably fractures.

Impressive among wall features are the numecrous large,
arc-shaped re-entrants cutting back into the upland with
a minimum headwall height of 1.5 to 2 km (Figs. V-2b
and V-2¢). At their feet are accumulations of jumbled
blocky debris. Arc-shaped rotated blocks are also seen
on the face of some trough walls.

6. Extra-Marginal Features and Relationships

Althoagh not one of the most heavily cratered parts
of Mars, the upland surrounding the troughs has a izod-
crate densit of craters up to 50 km in "":meter. Some
larger craters appear to have served as o site for ini-
tiation of some small troughs which are generally geo-
metrically discordant with the prevailing trend. Other
discordant troughs, up to 100 km long and an estimated
0.5 to 1 kin deep, have also formed within the up'and
seemingly without crater association.

Aside from two cones, with central craters, adjacent to
a trough near 10°S latitude and 55° longitude, fca.
tures obviov:ly of volcanic origin are not scattered
through the belt of trough.. However, the castern edge
of the largest volcanic field on Mars lies but a short
distance northwest of the tro.ghed terrain.




‘ Fig. V-2. (0) Adjacent troughs showing varations '~ wall sculsture and an intervening
parallel pit chair. (MTVS 419145, DAS 07326798) (i) Tiose-up view of part of large
slide area on north wall Jf lower trough. (MTVS 4.73-16, DAS 10132999) (c) Anather
»lide mass and scarp on north wall of the sa:ne trough. irregul.r terrain on flocr beiow is

typical landskide topography. Height of scarp is at least 1.5 to 2.3 km (MTVS 4275-24,
DAS 10204679)
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Fig. V-3. (a) Projeciing spur (arrow marked) may represent a resistant d'ke left in relief

by wall recession. Continuation on upland indicatod by low ridge.
07470578) (b) Details of floor morph..ogy of sbove trough within area narked near

upper right. Rough terrain at \W.wer left is part
small, bowl-shajed craters suggests some
are suggestive of mass .. vement. (MTVS 4295-36, DAS 12865578,
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Fig. V-4. (a) Segment of a trough, at 7.75°S latitude, 84.3° longitude, showing paraliel
pit chain (upper edge), intra-trough ridge (middie right}, and dendritic tributaries (lower
- half). (MTVS 4144-87, DAS 0585,968) (b) Specially processed narrow-angle view of intr.-
trough ridge showing irregular slide topography at top, anastomasing pattemn of sharp
ridges on far flank, remnant of cratered upland surface and curving fault graben on top,

and U-shapad avalanche chutes below rim on near (south) side. (MTVS 4191.42, DAS
07326762)
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Fig. V-5. (a) Trough with swirl pattern on floor, located £.2°S iatilude, 49.5° longitude.
(MTVS 4199-45, DAS 07614498) (b) Closr up view showing that swirl pattern is a dis-
sected tableland of Iayered deposits. Rill-like dssection of lower siopes starts at a specific
I»yer and strongly resembies erasion by fluid seepage. Height of tableland may be 2 km.
(MTVS 4241-59, DAS 09017619)
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Fig. V-6. (a) Large trough with smallier parallel troughs and promingnt pit chain, !ocated
. 14.8°S latitude, 62.7° inngitude. (MTVS 4197-33, DAS 07542468; (b) Close-up view of
’ far (ncrth) wall of above trough showing badiand-like puttern of anastomosing ridges
of a type possioly produced by dry mass movements, but more commonly attributed, on

Earth, to fluvial erosion. IMTVS 414$7-36, DAS 07542503)
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On the upland i the vicinity of trouehs, linear chams
of pits Fras, VoL and Vb paralie] the tronghs or -
tend bevord thew Blontends Fruo VOB The pits aae o

dircuba o Brresubar outhine. smeoth-walled, narrow -
hottomed, and secmingy rimsdoss, Individual pits. 1 to
15 kv across are ostinated to be ap to 0.3 ki decp, and
prt chans attam Jengths up o 330 Fine A the pits grow,
the v develop elongation and become iuteurated aleag the
chei, evantuadhy prodocing a4 sl trough sath sirengly
sealloped walls Fieo Viba: Fit chamns arc not unique to
the troughed area. ereellent examples are abundantly

secn in the volearic area to the northwest.

A compley ot shallow graben 1w 5 km wide and up
to 100 km louz. locaih aceompanied by lovw horsts of
simiilar dimension. traverse the upland adjacent to some
tronche, In places. these features paradel the troudhs,
but elsewhere they are discordantly truncated by trough
walls. At least some of the « hen are old enough to he
cut by craters up to 10 km in diameter. Cariously, within
the troughed arca. fractures hbounding graben and horsts
Fave not developed pits. and this i true clewhere on
Mars as at 35 N. 1u3 W,

I the sector between 77 and 8§77 WL principaliy but
not exelusively on the south side of a trough. are a numn-
ber of steep-walled. angular. dendritic tributaries extend-
ing up to 150 km back from the rim (Fig. V-4a). These
tributaries decrease in size headward from a maximum
width of 10 km and a depth of perbups 1 ki at the trough
edge. The trunk tributaries and thei  secondary and
tertiary branches display a strong angular pattern, pre-
sumably reflecting control by fractures, essentially none
of which is paraliel to the tiend of the troughs. Small-
scale pitting is seen at the heads of some tributides.

The troughed terrain passes westward directly into a
festoon-like complex of linear, U-shaped hoilows and, by
transition, castward into the principal area of chaotic
terrain and into large arcas of smooth lowlands bounded
by abrupt cliffs. known as fretted terrain (Ref. V-5; also
sce Section V1 of this Report).

B. Inferences

The parallelisin of individual troughs and their walls,
of associated pit chains, and of horsts and graben, ali
bearing about E15°S, implies strong contrcl by struc-
tures in the Martian crust, presumably fractures.

Widening and extension of troughs by some mecha-

nism of wall recession, rather than solely by pulling apart,
is strongly sugzested oy blunt trough ends. Acute ends
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would be anticipated it the troughs had tormed only by
spreading unless trasform faulting has occurred tor
which there e no imdependent evidence, Spurs projecting
v much as 75 kcinvard from trough walls also indicatc
extensive wall recession.

The sealloped and embay ed configuration of the troush
rim, its sharpness, Usshaned chutes, are-shaned blocks
on trouzh walls. and local piles of jumbled debris on
trough Hoers below deep wall embavments indicate that
mass movements in the form of slicies, slumps. and prob-
ablv debris avalanchies have been a major agent of wall
sculpturing and presumably of wall recession. JThe den-
dritic tributaries (xtending up to 130 km into the upland
iniply the action of a sapping process working headward
along different sets of fractures. This same sapping process
may be a principal cause of mass movements ou trough
walls and. thercfore. of wall recession,

Chains of unrimimed pits appear to develop by eollapse
along fractures ewing to removal of underlving support.
Continuing collapse causes growth. and ence the pits
attain a moderate size and depth the sapping process may
become effective, causing them to «nlarge more irregu-
Larly and to mierge longitudinally to create a small trough
with strongly scalloped walls.

The oceurrence of 2-km thick accomulation of layered
waterials on a trongh floor (Fig. V-31) suggests that other
troughs may be partly flled with similar material. The
laverime is much too strong for this to be simply a
slumped wall block. The agent of dissection of the de-
posits is ot known, but the potential for dissection could
be created by sulsidence of a nearby floor scgment or
the integration of two trough floors lying at different
levels.

The small number of craters on trough floors implies
cither a youthful age or an activity that destroys craters.
The troughs cannot be very old or they would show
greater signs of modification. They appear to be among
the younger features of the Martian surface, even though
they may be fossil or rlict with rspect to the present
surface environment.

C. Genesis of Troughs

The followiug is a speculative scenario as to how the
troughs may have been initiated and how they subse-
quentily grew to their present form and size.

n
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THe wntial event appoars to have been the formation
ot parallcd fractures trendime about K15 5 Two topes of
fractures or two sots of different aee seenm to e tormed
Onc sete seennngy elder and possibly shallow . evperr-
CTHC \} oy ent nts creating \h.l”l)\\ Ql'..!)"ll ‘ul(] ]U\\' hnr\ts.
The sccond sot possibhy ot @eater depth, expenanced
renoval of nndariving support which created chams ot
pits by collapses Dovwanvard movenment of debris could
have boen taahtated by o chhy fragmented condition
resalting from antecodont impacting. The pits grew larger,
parth by turther coliap e possibly aided by wall reces-
aon throush <appmes. until thoy morged longitudinally
ong the tracture to creats .o small trongh with highls
scalloped walls Fieso Vibb wnd Vi6a . Continued sub-
sidenec, sapping. and wall recession by mass movements
widened these troughs antil they merged laterally cre-
ating bl arger troughs. The eviddnce for such lateral
mergess s provided by spinclike ntra-trough ridges
which represent renmas to of the septa originadhy sepa-
ratizes adjacent troughs, The troughs also grev longitudi-
naliv: by wall recession, and blunt trough ends were
ther=by created.

The sapping process postulated to cause wall recession
and to create the dendritic tributarics may have occurred
through the deterioration of eaposed ground ice cither
by evaporation or melting. Evaporation is more likely,
under present environmental  conditions. but melting
could have taken plece under radically different condi-
tions, if such ewusted, sometime in the past. Thus, the
process if current is bost deseribed as ground-ice sapping,
but if older it mey have involved ground-water sapping
tRef. V-6: also sce Scction U1 of his Report).

U-shaped chutes high on trough walls look like fea-
turs created on steep terrestrial slopes by dry debris
avalanches. The fact that the chutes start fully developed
at trough rims supports an origia through some mass-
movement process rather than fuvial crosion. The anas-
tomosing pattern of ridges on wall slopes and on the
flanks of intra-trough ridges might also be the product of
dry mass movements because similar patterns, of much
smaller scale to be sure, are created on steep s'opes on
Earth underlain by fine-grained unconsolidated materials,
such as dune sand or loose soil, by removal of material
through dryv flowage. However. the resemnblance of these
anastomosing ridges «. Ruvially dissected terrestrial bad-
land features suggests that running water also merits con-
sideration as a possible genctic agent. If that is their
origin, then they are fossil forms.
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Trough enfarsement by wall recession has consumed
large areas of tue old cratered upland and may have con-
tinucd for tens of millions to hundreds of milliond of
vears. tne treshness of some of the large slide scars on
trough walls and of the piles of jumbled debris at ther
teet (Fieo V2200 suguests an activity continuing essen-
tially to the present,

Wall recession must have dumped huge quantities of
rowk debris on the trongh floors. What has been the dis-
position o, this material® The answer is constrained by
the Luge volume involved and by a vertical closure ex-
ceeding 3 ki in at least one trough. Medhods of moving
the missing material up. down, or laterally need to be
considered.

The zeometrical confignemion of troughs and the lack
of visible cjecta arcund then margins speak strongly
against explosion as the disposal agent. Eolian deflation,
the other obvious means of moving macerial up and out.
is so constramed by the huge size and geonetry of the
trouszhs and by the need to reduce all materials ¢ a fine
grain sive, incli«ding lag concentrates armoring the cur-
face. that deflation has probably plaved but a minor role
at best. Furthermore. products of colian activity such as
dunes or characteristic wind-scoured foris are not seen
on trough floors.

Surface transport by some flowing medium. for cx-
ample water, cannot create closed troughs of the type
shown in Fig. V-1a and could have occurred only east-
ward frem the belt of integ, ated troughs into an arca of
chaotic and fretted terrain. Burial of chaotic terrain by
debris from the troughs would then be expected, unless
the chaotic terrain is younger. In that case, water prob-
ably would not have been able to flow eastward because
that area, not having vet collapsed to form chaotic ter-
rain, would bhe higher than the trough floors. Some other
route, which is not apparent, would thus have to be
found. For these reasons, it seems unlikely that water has
had a major hand in carrying any significant amount of
debris away from the  _a of troughed terrain. Howeve
running water derived from melting ground ice, under
climatic conditions vastly different from those now pre-
vailing, might bave played a role in removing material
from the dendritic tributaries (Fig. V-4a), carving the
badland topography of bounding slopes (Figs. V-4a and
V-6b), and redistributing materials on the trough floors.

The most satisfactory disposition of the material mis-
sing from the troughs appears to be downward, bv
subsidence caused through removal of underlying sup-
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port The dissolution of rock matcraks s not an attractive
posstbilits because o the probable Yack of casilv soluble
aibatances and the need tor a solvint The melting ol
cooregated  cground e is omore attractive, but suffers
The  planimetrically
measured acea ot troughed terrady is 6 - 10 ke If a

from quentitative  gualifications

mean trouch depth ot 3 hin i assumed. the troughs
10 km .
tormed solely by subsidence cansed by meiting of segre-
some 16 - 10 kmy
bave resulted It all of Mas had v subsarface ice laver
of 4 thichnes cqual to that reqaired to torm the troughs,
it world represent 3.9 - 100 ki of vater Bubey (Ref.
AT estimates that thes total supply of water on Earth.
10 ki . wh
that calculated above for Martian ground ice alone. As

1epresent @ volme of 1S If the troughs were

vated mround e of water would

inall forms, is 167 is roughly 3.8 times
Earth is volumetnicallh 7 times largar than MMars, the
above ficure wounld require that Mars has experienced a
several times @eater proportionate degassing than Earth,
which is difficult to believe. Abnormal deveiopments of
aronmd ice peripheral to the Niv Olvmpica voleanic field,
a greater volatile content in Martian than in terrestrial
materials (Ref. V-Si_or the possibulity that the Martian ice
is not water subst ince might afford ways of getting around
this argwaent. Other arcuments against ground-ice de-
terionation as the principal mechanism of trough develop-
ment are based on the need to des elop segregated bodies
ot ice and the great depth of freezing required. as sum-
marizeel carlier (Ref Vo3

Proximity of troughed terrain to the largest volcanic
ficld on Mars suggests the possibility of magma with-
drawal as a cause of subsidence. Volumetrie relationships
are favorable. for a single voleano such as Nix Olvmpica,
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if it i 23 km hich as now thought, represents a greater
volume of material than is missmg trom the troughs. Why

s .
the maema should sovd hnadicds of Mlometers lateraih

hetore being extruded is a more troubling question.

Another quantitatively  adequate mechanism for cre-
ating the tronghs would be lateral spreading of crustal
plates. The character and confiquration of the troughs
canmot be eplained satisfactoril by spreading alone,
bit in combination with wali recession through some
sapping process. an aceeptable picture emerges. The
spreading mechanism would provide an ever deepening
aad widening sump into which materials from the reced-
ing walls could be dumped by mass-movement processes.
Unless subduction zopes exist on Mars, and signs of t! »m
have not vet been recognized, the lateral spreading o, -
pothesis carries an interosting implication of planctary
expansion

Spreading is an exciting hypothesis and has major im-
plications concerning the internal constitution and be-
havior of Mars. However. Carr (Ref. V-9; also see Section
IV of this Report) argues against plate tectonics « 1 Mars
from volcanic relationships. aud spreading is not a par-
ticolarly satisfving explanation for the festoons of hollows
west of the troughed terrain or of the chaotic and fretted
terrains to the cast and north. Nonetheless. in our present
state of ignorance concerning Mars, it is wise to keep all
reasonable options opan, and ground-ice deterioration Ly
evaporation or melting. magma withdrawal, and lateral
spreading all appear capable of having played some role
in creating the troughed terrain and its accompanying
features.
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VI. Mars: Fretted and Chaotic Terrains'

Robert P. Sharp

Division of Ceuiogical and Planetary Sciences
California Institute of Technology, Pasadena, Cahforni2 911039

Fretted terrain is but one of a variety of lowland ter-
rains on the Martian surface which, like members of an
somorphous serics. have some characteristics in common
and are shaped by some of the same genetic processes.
They are artificially separated to  facilitate  handling
{Table VI-1). At one extremity are the south polar pits
described clsewhere (Ref. VI-1; also see Section XVI of
this heport): at the other are the huge equatorial troughs.

Fretted terrain is characterized by smooth, flat, low-
land arcas separated from a cratered upland by abrupt
escarpments of complex planimetric configuration and a
maximum estimated height approaching 1 to 2 km (Fig.
VI-1). It is the product of some unusual erosive or ab-
stractive process that has created steep escarpments and
caused them to recede into a complex plunimetric con-
figuration lcaving behind a smooth, flat lowland surface.
Although a relatively late development on the Martian
surface, fretted terrain has formed over a significant snan
of time, and in places it may be older than some phases
of the extensive northern hemisphere volcanism (Ref.
VI-2; also see Scction IV of this Report).

Chaotic terrain differs from fretted terrain, with which
it is geographically associated, in having a rough floor

1Contribution 2264, Division of Geological and Planetary Scier ves,
Cnlifornia Institute of Technology, Pasadena.
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topography featuring a haphazard jumble of large angular
blocks, and by are-shaped slump blocks on its bounding
escarpments, often with are-shaped fractures extending
into the adjoining upland (Fig. VI-2). Chaotic terrain was
initially recognized and described from features incom-
pletely shown on Mariner 6 frames (Ref. VI-3). Its ex-
istence has now been confirmed by Mariner 9 pictures,
and the characteristics, location, and areal cxtent of
chaotic terrain have been more accurately and completely
defined.

Like fretted terrain, chaotic terrain occupies lowland
scttings within an older, cratered upland surface. It has
clearly developed at the expense of this craterca upland,
and its relatively youthful age is further demonstrated
by a paucity of recognizable craters.

This is a preliminary report on the nature and possible
genesis of these two terrain types. More will undoubtedly
be written aboat them as the Mariner 9 pictures and data
are more thoroughly analyzed.

A. Geographic Relationships

Fretted terrain is recognized principaily in five separate
areas within the northern hemisphere, with only a minor
extension south of the cquator. Other areas of fretted
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terrain may exist. but they are obscured or medified be-
vond certain recognition. The Largest area and most typi-
cal development is along and fer 3° and 10° on cither side
of 40" N latitude between longitudes 280° and 350°. This
region of fretted terrain debeuches northward into an
extensive lowland plain which occultation measurements
show to be one of the topographically lowest parts of the
northern hemispherc (Ref. VI-4: also sce Section XXXVI
of this Report). The fretted terrain so far recognized
covers a total of about 475 X 10 km?, or 3% of the
Martian surface.

Chaotic terran, is geographically associated on the west
with the huge equatorial troughs and on the east and
north with fretted t.r-ain. It is, perhaps. geretically .e-
lated to both. but in setting and characteristics it is more
closely allied 1o fretted terrain into which it grades in
many places (Fig. VI-3). Chaotic terrain is concentrated
principally into an equatorial region from about 3°N to
12°S between longitudes 15° and 40° where it is the
dominant feature. Small patches of chaotic terrain are
more widely scattered, ranging as far west as 75° longi-
tude and uorth to 15° latitude. Some of these are asso-
ciated with areas of fretted terrain, but others are isolated
and look as though they migat have developed upon the
sites of relatively large craters. The total area of chaotic
terrain is about 5.5 X 10° km? This is about one-third
the area estimated in 1969 from Mavriner 6 pictures. It is

now clear that arcas of indistinctly recorded troughea and
tretted terraing were inchided in the 1969 value Chaotic
terrain makes up only about 0.4%¢ of the total Martian
surface.

B. Description of Fretted Terrain
1. Planimetric Con! ,uration

A striking characteristic of fretted terrain is its ir-
regular planimetric pattern (Figs. VI-1 and VI-4). The
steep escarpment separating lowlands from uplands typi-
cally traces a ragged course with deep embayments. pro-
jecting headlands, and smaller arc-shaped indentations.
Only wh re strongly controlled by older structures, such
as linear fractures or crater scars, are the escarpments
broadly linear and curvilinear. Even there, association
with other forms vields a complex pattern.

Especially noteworthy are the steep-walled, flat-Ruored
chasms or channels, some lincar and some irregularly
winding (Fig. VI-1), which deeply penetrate the sur-
rounding upland and debouch in tribuiary fashion into
arcas of smooth lowland. The larger and principal chan-
nels increase in width northward, but terminate at the
edge of the fretted terrain region where it borders on the
area of lowland plain to the north. Also characteristic
are numerous island-like outliers, resembling the mesas,
buttes, and towers of Monument Valley, rising above the

Table VI-1. Some types of Martian lowland terrains

Terrain type

Description

Type area

Pitted terrain

Etched terrain

Fretted terrain

Hollowed terrain

Chaotic terrain

T.oughed terrain

Abundant, flat, smooth-floored, steep-walled pits, tens of kilometers across,
an estimated 100 (0 400 m deep, developed in sedirientary blankets

Exhumed, rough-floored, lowland areas of highly irregular planimetric
outline produced by integration of pits developed in sedimentary blankets

Sniooth-floored lowland bounded by abrupt escaipments of uniform height
and highly irregular planimetric configiiration, tributary flat-floored chasms,
developed into an old cratered surfacc 1 to 2 km higher

A complex of elongate U-shaped hollows, an estim.ted 2 to 3 km deep,
strongly co:trolled by iatersecting sets of linear fractures

Jumbled chaos of slump and collapse ’ locks in lowland depressions
bounded by steep walls with arcuate fractures

Hu e, steep-walled troughs, up to several hundred kilometers long and
possibly 5 km deep, integrated into a belt 2700 km long by 500 km wide,
wall-side slumps, intr .-trough ridges, urthogonal and dendritic wall scars

South polar
region

South polar
region at
65° to 70°S

40°N
between 280°
and 350°

5° to 10°S
between
90° and 110°

3° to 12°S
between
15° to 35°

0° to 16°<
between
45° and 90°
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Fig. VI-1. Area of fretted terrain contered at 40.1°N latitude, 337.4° longitude, display-
ing typical complex planimetric patterns, smooth tioor, abrupt escarpments, separated
outliers, and sinuous flat-floored tributary chasms, (MTVS 4251-47, DAS 09378154; MTVS
4251-56, DAS 09378294)
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Fig. VI-2. Representative area of chaotic ter-~'n at 6.5°S latitude, 26.3° longitude, with crescent-shaped blocks and arcuate
fractures strongly uggestive of collapse. (b VS 4247-44, L, 09232974)

smaoth-floored Jowland (Fig. V1-5). These outlicrs be-
come gererally smaller, more widely spaced, and less
numercus outward from the boundiug escarpment.

2. Floor Charactevistics

The lowland floors of fretted terrain appear smooth at
o wide-angle resolution of 1 km. Narrow-angle pictures
(Fig. VI-5), with resolutions of 200 to 300 m. conlirm this
general smoothness, although they show some low un-
dulations and a few local areas of rough topography that
may represent complex structures within the Marticn
crust, possibly the residual roots of old, decply penetrating
craters. Most floors display only an occasional small, fresh,
bowlchaped crater, but a few scattered craters up to
25 km in diameter are seen Irregular mottling by albedo
markings is somewhat more prominent than on adjacent

lunas, and some of these markings mimic the configura-
tion of a nearby escarpment.

Extensive reaches of the lowland floor appear to lie at
an impressively uniform altitude, as though reduced to
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a common base level, This holds true ¢ven for the lone
penetrating fingers of tributary chasms and for the floors
of larger craters integrated into the lowland. The uniform
height of long reaches of tiie bounding escarpment is
another manifestation of this relationship.

3. Wall Cha- acteristics

Escarpments enclosing the lowiands usually break off
from the uplands with a sharp, well defined brink.
Escarpment slopes appear to be mostly straight and
smooth without rarled concavity. Orhogonal or den-
dritic scarring is largely absent, and slump blocks so
characteristic of chaotic terrain, are lacking. No laycring
or structure is identifiable in the wall materials: they
appear homogeneous and massive.

Escarpiaent height is largely a niatter of estimation.
If a conservative 10° slope is assumed, heights of 0.5 to
1 km are common. $ e escarrments are lower; few, if
any, apnear 0 excesa 2 ko Ultraviolet spectrometer
profiles « .ufirm heights of this general magnitude.
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Fig. VI-3. Chaotic terrain zsscciated with smooth-floored areas of fretted terrain, crescent-
shaped stump blocks at left margin of lower area. (MTVS 4201.60, DAS 07686£08)
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Fig. VI-5. Wide- and narrow-angie pictures of fretted terrain to illustrate angularity of
outlines, smoothness of floor, abruptness of escarpments, and nature of outliers. (MTVS
4212-69, DAS 08047308; MTVS 4212-72, DAS 08047343)
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4. Uplana Surface

The upland urface enclosing arras of tretted terram
nomosth well cratered. but otherwise it s relativeh
smooth Upland eraters are locallh embaved by the
escarpmients of fretted torraing and in such instances the
crater floors are mtegrated into the lowlands,

C. Description of Chaotic Terrain
1. Floor Cl.aracteristics

The most distinctive feature of chaotic terrain is its
rough floor topography. most tvpically an irrecular
jumble of angviar blocks of various sizes, many pre-
serving renmants of the refatively smooth upland surface
vFig, Vi-6ah, The Largest blocks are several kilometers
across and tens of kilometers long. At some sites, the
angular shape and cquant dimensions of blecks may
refleet control by two or more sets of linear fractures.
Once forined. these blocks seem to suffer further breal.-
up and reduction in size. and the cquant blocks ulti-
mately  become pyramidal. Eventeally. they may be
entirely destroved. leaving a smooth floor like that of
fretted terrain

2. Bounding Escarpments

Some arcas of chaotic terrain involve a transition from
<dightly fractured upland through a highly fractured
zone to a jumble of irregular blocks (Fig. VI-2). Other
arcas are sharply bounded by an abrupt escarpment of
irregular planimetric configuration (Fig. VI-3). The verti-
cal relief of this cscarpment is a matter of estimation,
but most escarpments seem to range from something less
than 1 km to a little more than 2 km, with a maximum
approaching 3 km. They are. in places, higher than the
escarpments  bounding most arcas of fretted terrain.
Locally, chaotic-terrain escarpii nts display a succession
of crescent-shaped indentations, and oa their faces are
creseent-shaped slamp blocks up to several kilometers
wide and tens of kilcmeters long. Some of these blocks
bear remnants of the upland surface. now rotated back-
ward into the cscarpment face. Locally, arcuate
markings, presumably fractures. extend back into the
surrounding upland with similar scaie and configuration.
Most escarpments have a sharp, sveil defined brink, and
a few of the highest displav orthogonal scarring like
that seen on the walls of the large equatorial troughs.

D. Age Relationships

Fretted terrain appears to be amony the younger land-
form developments of the Martian suiface, but not all
areas of fretted terrain are of a single age. Fretted terrain

has deardy developed at the asprose of the old < ratered
arrbace of Mas which comstitates the adjacnt uplnd
The smooth floor of 1est arcas of fretted terram s oniy
weakly Gatered, primarily by osadl fresh, howshaped
craters. This sugaests relative vouth, wthoush acammula
tion and crosion on such foors may obscure somse craters,
making the floors fook younger than they reallv are.

At least some fretted terrain must hav e w modist antig-
uity for it appears to be parthy buried along the western
edae of an extensive voleanic ficld between Latitudes 3
and 15° north acar longitude 737, The date of voleanism
is not rigorously known, but crater frequencies and other
considerations snegest an age on the osder of hundreds
of millions of years (Refs. VI-2 and VI-5: also see Sections
IV and VHI of this Report:.

At least one area of fretted terrain has subdued out-
lines suggestive of mantting by a blanket of vounger
material (Fig. VI-T3. This inpression of areatir age is
substantiated by a much larger-than-normal crater popu-
Lation. Other arcas of irregular topography clsewhere on
Mars have characteristics suggesting that  they may
represent fretted terrain, now so modified as to be vir-
tually unrecounizable. Thus, the freiting process mav
have embraced a considerable span of time. and not all
of the recognizable areas of fretted terrain have the
same age.

Chaotic terrain is also judged to be vouthful on essen-
tially the same bases. However, the seemiing paucity « f
craters. cven of the small bowlshaped variety. within
arcas of chaotic terrain may be duc in part to the
difficulty of recognizing such features within the chaos
of jumbled blocks. Furthermore, craters could be rather
quickly obscured on the steep sides of the blocks. Asso-
ciated areas of fretted and chaotic terrain, of which
there are a number, cannot be too different in age, and
the generally sharp outlines of their features strongly
suggest relative youth.

E. Cenesis of Fretted and Chaotic Terrains

The following statements on genesis are necessarily
highly speculative. The development of fretted terrain
is thought to be initiated by some structural or topogra-
phic break in the old cratered Martian surface. The wall
of a large crater, a linear crack, or a winding channel
may have, in different instances, served as the initiating
locus.

Once a steep escarpment is created, in areas favorable
to the formation of fretted terrain, it recedes by an
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collapse leading to development of chaotic terrain at 1.9°S latitude, 186.5° longitude.

chaotic terrain (MTVS 4247-40, DAS 09232904). (c) Arcuate fracturing suggestive of
(MTVS 4209-75, DAS 07938333)

(a) Details of angular blocks (MTVS 4201-30, DAS 07686213). (b) Small isolated ares of

Fig. VI-6. A composite of one wide-angie and two narrow-an;le pictures of chaotic terrain.
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Fig. Vi-7. An area of older blanketed and more abundantly cratered fretted terrain at
44°N latitude, 61.5° longitude. (MTVS 4233.92, DAS 08731179)

undermining or sapping mechanism, maintaining its
stecpness but developing a complex planimetric configu-
vation. This is the fretting process. Scarp recession leaves
a smooth, flat floor and isolates outlying island-like
buttes, mesas, and towers. The bounding slopes of these
outliers also recede, reducing them in size and eventually
in number.

On Earth, scarp recession occurs most readily where
there is some structural or stratigraphic inhomogeneity
near the scarp base to facilitate undermining. Horizon-
tal strata with a massive member overlving weak incom-
petent layers, as occurs in the plateau region of the
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southwestern United States, provide nearly ideal condi-
tions. The undermining on Earth is produced largely by
diffcrential weathering and ground-water sapping,.

Layering within the materials of the upper 1 to 2 km
of the Martian crust is not out of the question, and it
might involve a volcanic sequence or a thick deposit of
colian detritus. However, such materials would have to
be relatively old, as the surface they underlie is scarred
by many large craters. An attractive alternative is the
possibility that otherwise relatively homogencous near-
surface Martian matcrial has a sharp. planar, physical
discontinuity at a depth of 1 to 2 km. Such a discontinuity

JPL TECHNICAL REPORY 32-155C, VOL. WV

ey,

F a2 e utibans oo Slhaind - Rl

e g s e



bt b formed in relation to frozea eround developed
to that depth.

An evaluation of the possibilities of perennially frozen
ground permafrost) and gronmd ice under the surface
of Mars is thus in order. Direct observations of Martian
surface temperatures, both Earth-based and from space-
craft. indicate that 4 model formulated by Leighton and
Murray (Ref. VI-6) permits calculation of seemingly
reasonble mean annual surface temperatures for various
latitudes. From this it appears that the surface thermal
regimen of Mars is favorable to the development of
frozen gronnd  everywhere, including the  equatorial
recion where the me 1 annual temperature s in the
ueichborhood of - 6 . The important questions are:
How thick might the frozen laver be, and could it con-
tain significant guantitics of ground ice, particularly in
a segregated state?

Nothing is known for certain about the internal geo-
thermal flux of Mars, and the insulating properties of its
surface materials are a subject of estimation. However,
a working assumption that the Martian geothcrmal fux
is perhaps one-half that of Earth and that insulation
factors such as vegetation and snow cover on Earth are
two or three times as effective as the presumably frag-
mented debris on the barren Martian surface, along with
the much lower Martian surface temperatures, suggest
that frozen ground could extend to depths 2 to 4 times
Zreater on Mars than on Earth.

On Earth, the most representative maximum depths
of frozen ground are 600 to 650 m (Ref. V1-7). although
an anomalous 1500 m has been reported. Mean annual
surface temperatures at these sites are currently —10°
to —15°C. However, this deep frozen ground may be a
product of Pleistocene chilling when surface tempera-
tures were probably distinctly lower. These figures sug-
gest that the ground bencath the Martian surface could
be frozen to depths conservatively estimated at 1 to 3 km.

Morc important than depth of freezing is whether the
postulated Martian frozen ground contains any significant
quantity of frozen volatiles. Only in the extreme polar
regions are temperatures low enough to permit forma-
tion of solid CO.. Elsewhere the most likely frozen
volatile is water. On Earth, the ice in frozen ground
represents water of meteoric origin. The amount of water
vapor currently in the Martian atmosphere is too small
to form more than a small amount of ice dispersed
through a few tens of meters of ground, and that wouid
be poleward of 40° to 50° latitude (Ref. VI-8). If signif-
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cant masses of H O cround ice derived from micteoric
setrees enist under e Martian surface, they mogt be
focil. reflecting maprr secular or periodic dimatic varia-

tions in the past.

An interesting altermative is that ground ice on NMars
represents water substance that never reached the sur-
face. but was captured by freezing within the crust
owing to the extremely low wmperature conditions. This
is a speculation worth entertaining, and it could help
account for the relative abundance of CO, and paucity
of HO in the present Martian atmosphere. although
other explanations for the CO/H O relationship have
been proposed (Ref. V1-S). The degassing associated with
the recent northern hemisphere volcanism may have
contributed significantly to Martian ground ice, partic-
ularly in arcas surrounding the volcanic field. Ground
ice of this origin would represent a rather recent develop-
ment within Martian history. since this volcanism is
relatively yvoung (Refs. V1-2 and VE3: also see Sections
IV and VIII of this Report).

On Earth, ground ice exists within the interstices of
frozen crustal materials and as segregated bodies in the
form of lavers, lenses, and dikes. 1t is the deterioration
of these segregated bodies that causes  differential
sinhinig and coltapse of the land surfacc. We have no
way of knowing whether ground ice on Mars would
occur in segregated bodies or not, but the speculation
that it does is permissible.

The possibility that the surface beneath Mars in areas
of fretted terrain has been frozen to a depth of about 1
to 2 km thus scems reasonable. This could be the dis-
continuity, or the base level, which is expressed in the
remarkable uniformity of cliff height and the concord-
ance of the smooth floors of fretted terrain, a concept
developed in greater detail by Soderblom and Wenner
(Ref. VI-9).

On Earth, a common cause of cliff recession is under-
mining by ground water. On Mars, a comparable function
may currently be performed by ground ice. Undermining
could occur when ground ice, either in segregated
bodies or in rock interstices, is exposed on the scarp
face and melts or evaporates, the latter being more
likely under present climatic conditions. This could allow
the rock materials to crumble, undermining the escarp-
ments and causing recession while maintaining steepness.
Inhomogeneities in the amount and distribution of
ground ice and in the nature and structure of materials
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rregular escarpment seea on Yariner 9 pictures

The recessional process would «oon come te a halt, if
the debric shed by the cwcapment were not romoved.
Under current <onditions. wind v generalls regarded as
a kel agent of debrs removal. For wind to he effoetive
in .y significant devree, all of the roch desritus must
be relatively fine grained. If that i< not the initial condi-
tion of the detritus shed from the escarpments, then it
must be reduced to that state by weathering, On Mars
this is not an casy tash: thermal fracturing seems an
inadequate wechanism (Ref. VE-1O) for particle reduction
but perhaps it should noc be wholly ignored. and Malin
Ref, VI g5 evaluating the matter of salt weathering,

The altermative possibility that the undermining s
effected by eround water. as urged by Milton | Ref.
V112, also see Section HT of this Report). has the virtue
that the water. if plentiful enough, could carry the result-
ing debris northward into the lower arca of relatively
featurcless plain lving north of fretted terrain. The prob.-
lem involved in postulating ground-water action and
fluvial transport is the requirerient of a wholly different
climatic and atmospheric enviromment on Mars that
would permit the evistence of liquid water on the Martian
surface. Such conditions would have had to cxist for a
cousiderable time judging by the amount of debris that
was removed to create the extensive area of fretted ter-
rain and the probability that the process worked slowly:
it was not a catastrophic procedure. If of fluvial origin,
fretted terrain is fossil. and the implication of major and
enduring climatic change is highly significant.

Why fretted terrain is not more widely develop d on
the Ma:tian surface is a moot question. It inay be that
proximity to the large-scale volcanism of the northern
hemisphere has been a factor in terms of larger than
normal quantities of degassed volatiles to form ground
ice or ground water and in deformation of the surface
to initiate receding scarps. The low-lying plain arca
farther north may also be a consideration.

Another hypothesis, perhaps worthy of consideration,
is that frozen ground and significant quantitics of ground
ice developed under these now fretied parts «f the Mar-
tian surface to a depth of 10 km rather than 1 or 2 km.
If 10% of this frozen mass were in the form of segregated
ice bodies that distended the ground, then a 10% de-
crease in volume would occur if the ice were removed
by melting or evaporation. This would produce about
1 km of sinking of the ground level. However, 10 km

sectas an evtreme thickness for trozen grownd and fretted
terram docs not fook ai ad Hike sirtaces on Farth whahy

Bav e collapaed because of ground-ice thawing

That suladence. fractunme. and slumping have plaved
a part in the development of chaotic terrain was intorred
trom the Muariner 6 pictures of 1969 and now seemns
established by Marmer 9. Subsidence, of a type possibhy
leading to the tormation ot chaotic terrain. is srronghy
sviggested by the fracture patiern evident in a narrow -
angle picture (Fiz VE6e. As subsidence and slumping
are usuallv initiated by removal of subsurface material,
the crun of the ongin of chaotic terrain becomes—what
pracess or piocesses could perform that task? The dis-
solotion of rock materials. the deterioration of eround
1ce, or the evacuation of magma by voleanism are three
possible mechanisms meriting consideration,.

The solution hypothesis suffers from the need for
soluble rocks and a suitable solvent. If Mars were rich
in carlonatites and its volatiles were acidic. solution
might occnr. This scems a modest possibility at best.

Ground-ice deterioration is attractive but suffers some
quaiiications. The ground ice would have to occur in
serregated bodies, some means of causing its deterioration
must be postulated. and the question of quantitative
adequacy is all important. Woronow (Ref. VI-13). using
McElroy's (Ref. VI-8) analysis of Martian atmospheric
cvolution, gives reasons for thinking that the amount of
water ontgassed during the lifetime of Mars is wholly
inadequate to produce the 2- to 3-km subsidence suc-
gested by chaotic terrain, even if all the water were con-
centrated as ground ice solely under the chaotic terrain
areas. The more generous estimates of Sagan and Mullen
(Ref. VI-14) also appear insufficient.

Another troubling problem is the depth of freezing
required unless the ice were concentrated in a single
layer just below the surface. If Martian frozen ground is
postulated to have a generous 20% segregated ice con-
tent, then freezing to a depth of 10 km would be required
to yield 2 km of subsidence upon deterioration of the
ground ice. This may not be an impossible depth, but it
strains the limit of seemingly reasonable assumptions.

Even though the creation of large areas of chaotic ter-
rain, inset 2 to 3 km below the upland, solely through
ground-ice deterioration may be questioned on quantita-
tive grounds, ground ice may still have played a signifi-
cant role in the recession of bounding escarpments, in the
development of wall-side slump blocks, and in the further
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are o o areas of chaotic terram which do not look as
thaugh they had experienced much subsidence, perhaps
st enongh to imtiate cracks which were then widendd
into chasiis by ground-ice deterioration (Fig V123 The
thoueht that small scattered patches ot chaotie terram
Fig VI-6h. might be created by the local destruction
ot ground ice is also appealing.

Another argument has been advanced by AMeCauley
et al. (Ref. VI-13) regarding the posaible role of ground
ice in chaotic terrain formation. In places. large seem-
ingly scoured channels emerge full-born from arcas of
chaotic terrain. These authors sugacsted that the chan-
nelh were occupied by huge foods of water, resulting

trom neltme of gronmd e, which burst torth upon the
Martian surtace ke a Spohanc-type tisod | Ket. Vi-io:
The vacated areas presumably collapsed into chaotie
lerrain

It deteroration of ciound e is not the onhy or ¢ven
the principal canse of dhaotic terrain, taen the subsar-
tace mo ment of peegma i assoctation with voleanism
seems the other most likely azent. This thought w sup-
ported by the general provimuty of the prindipal arcas of
chaotic terram to the major recent voleanic fields m the
northern hemisphere of Mars, It may be that voleanie
subsidence owing to withdrawal of magma has mitiated
the development of chaotic terrain, which was then tur-
thered by ground-ice eterioration.
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Vil. Comparison of Martian and Lunar
Multi-Ringed Circular Basins'

Don E. Wilhelms
U. S. Geological Survey, Menlo Park, Caiiformia 94025

Siv Martian multi-ringed circular basins are described
here. Argyre, Hellas, Libya. “Martian Schrédinger.” Edom,
and Iapygia. The term “multi-ringed circular basin,” or
simply “basin,” is derived from lunar studies (Refs. VII-1
and VII-2) and refers to large crater-like features that
have more than one raised ring. On the Moon, there is a
size continuum between craters and basins; the transi-
tion occurs between 150 and 300 km (Ref. VII-3, p. 445).
The larger the feature, the more rings it has and the
wider their spacing.

On both the Moon and Mars, the basins are genetically
distinct from the material that fills them (cited works;
Ref. VII-4). The fill, which on the Moon is largely mare
basalt, was emplaced a considerable time after forma-
tion of the basin (Ref. VII-53, pp. 309-311, and Ref. VII-4).
Thus, the terms “basin,” for the containing structure,
and “mare,” the fill, are in no way synonymous. The
depth to which the basin is filled, and the specific ring
that forms the “coastline” of the fill, varies from basin
to basin and is controlled by endogenous factors not
directly related to the basin-forming process. This dis-
cussion concentrates on the basins and only in passing
mentions the fill, which on Mars is usually a light-colored
plains-forming material.

1Publication authorized by the Director, U. S. Geological Survey.

JPL TECHNICAL REPORT 32-1550, VOL. IV

A. Lunar Basins

At the present stage in Martian studics, the basins are
best investigated by comparisen with the better photo-
graphed and long studied lunar basins. The youngest and
best preserved large lunar basin, Orientale, is a neces-
sary reference object for all lunar and Martian basin
studies because it displays with minimum modification
the features of a newly formed basin (Fig. VII-1). The
vasin proper consists of three concentric, prominent,
rugged mountain rings. The inner two are together called
the Rook Mountains (Montcs Rook): the third, Montes
Cordillera. All three rings contain topographic elements
that are concentric and radial to the basin. Degree of
organization increases outward: The inner ring is the least
complete and has the most randomly oriented elements;
the Cordillera ring is the most continuous and has the
most radial and concentric elements. The Cordillera ring
is probably highest as a whole, but parts of the second
Rook ring equal or exceed it in height. The spacing be-
tween rings increases outward by a regular ratio that
seems to be common to all lunar basins (Ref. VII-1,
pp. 64-65). The depressions between the rings and inside
the inner ring are occupied by less rugged, rather chaotic,
materials (and by the latcr flat mare fill).

Outside the third (Cordillera) ring, which encloses the
basin proper, most topographic elements are oriented
approximately radially to the basin. There are rugged
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Fig. ViI-1. Orientale basin ot the Moon. North at the top; dark
mare-filled crater Grimaldi east-northeast of basin. Three
rings of :nountains are the dominant faatures of the basin
proper. The discontinuous innermost ring and the higher, nearly
complete, second ring are together called Montes Rook (Rook
Mountains), Outside Montes Rook and separated from them by
a ring depression containing hummeocky terrain is the third
and main ring, Montes Cordillera, 950 km in diameter. Outside
this are radially lineated basin ejecta and radial valleys; the
conspicuous valley south-southeast of the basin is Vallis
Bouvard. (Lunar Orbiter 4, frame 187-M)

radial valleys such as Vailis Bouvard. and finer, braided
ridges. At the distal margins of this lineated terrain are
clusters of craters having subequal size and morphology.
For reasons extensively discussed in the lunar literature
(cited works), the Orientale basin is believed to have
been produced by an impact. The raised rings were
probably uplifted by shock waves and mcdified by fault-
ing: the lineated peripheral material is the ejecta; the
satellitic craters are the secondary impact craters. The
exact origin of radial valleys like Bouvard (and Vallis
Rheita of the Nectaris basin) is less well understood;
they may be formed by secondary fragments ejected
along low trajectories (Ref. VII-5, pp. 317-318).

Another lunar basin that is a useful analog for the
Martian basins is Imbrium (Fig. VI1-2), the largest lunar
basin. It is much more deeply flooded by mare material
than is Orientale. The innermost ring, which probably
corresponds to the inner Rook ring of Orientale (450 km

n diameter), is exposed only as a g of wlinds 675 ki
in diameter The ¢econd ring, under owr preferred ter -
pretation (Refso VIET and VE-£ iv exposed manly as
Montes Alpes and the rugged torram near Archiiedos
The third and mam basin ring s hest developed i Mantes
Carpatus, Montes Apenninus, and Montos Cancasus Thas
iv the most continuous and largest ring
(13000 ko in diamctert. and corresponds to Montes

Cordillera of Orientale (930 k-,

8 UH\]H( HONUN

At both basins, this third ring approxinatels hounds
the basin proper and marks the beginning of the deposits
of ¢jecta. At the larger Imbrium basing most cjecta near
the basin is hummocky. and is mined with rock fractured
during basin formation: the lincated ejecta blanket (the

Fig. VII-2, North-central part of the Moon including the Imbrium
basin. North at the top. Archimedes Is 80 km in diameter. Gen-
eralized crests of iour rings are shown (see Refs. Vil-1 and
Vil-2). Montes Carpatus, Apenninus, and Caucasus together
compose the main Imbrium hasin ring. The two inner rings shown
correspond to the two Rook rings of the Orientale basin (see
Fig. ViI-1). A fourth ring, emphasized by the edge of Sinus
Medil, lies outside the main ring here, Note the structure radial to
the basin (Mount Wilson Observatory photugraph, unpublished).
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Fra Mauro Formation begins beyond this rugged mate-
ral. At a considerable distance from Montes Apouninus
is otill another ring. Part of it bounds Sinus Medii or
the south and continues northeast into the terra. This
ring, consists mosth of a low swell locally bounded by a
basin-facing scarp and has tar fewer rugged peaks than
do the mountainous chains that compose the three inner
rings.

The majority of known and suspected Martian basins
are smaller and more degraded than Orientale and
Imbrium, and are best compared with a lunar farside
basin such as Korolev (Fig. VII-3). This degraded basin
has lost most of the radially lincated ejecta and other
morphologic detail that it. like Orientale, Imbrium, and
most craters, once undoubtedly had.

B. Argyre

The Argyre basin (named for an approximately coter-
minous, bright telescopic feature) has the most complete
rugged rim of all large Martian basins, The plains fill

t . had .
TR ) I .
‘

\
., . I
S 1 R . |

Fig. ViI-3. The Korolev basin on the far side of the Moon,
centered at 4°S latitude, 157° longitude. North at the top.
There =re two conspicuous rings and a faint possible additional
innermost ring. The main ring, averaging 430 km in diamater,
is divided into two parts in the west. Radia! lineations south-
west (below and left) of the main ring may be basin ejecta.
(Lunar Orbiter I, 38-M).

JPL TECHNICAL REPORT 32-1550, VOL. Iv

measures about 800 km across except where a promon-
tory juts inte it Areyre has many of the features of the
Oiientale and Imbrium basins, bt difters in some re-
spects. These concentrice inner rings and two or three
partial outer rings have been identified (Fig, VI1-4). The
inner, most speculative ring is marked by isolated islana.
(Figs. VII-5a and VII-6) and the end of the promontor

(Fig. VII-3¢). This ring is like the inner Imbrium i
The second and third rings are in the main part of e
rugged rim (Figs. VII-3 and VII-6). Thev probably corre-
spond to the scecond and third rings of Orientale and
Imbrium. The component rugged peaks of the second
ring have mostly irregular outlines and subordinate
concentric and radial elements. The third ring, approxi-
mately 1200 km in diameter, resembles the third (Cor-
dillera) ring of Orientale, although it is less continuous.
Tt is bounded on the basin side by a steep scarp and on
the outside by a platecau (Fig. VII-6). In this ring and
the plateau are numerous coarse and fine radial strue-
tures; large structures like Vallis Bouvard occur in all
but the northeast sector. The spacing increases outward
from cach of these three rings to the next by a ratio like
that observed in lunar basins. Between the rings, in some
pl.ces, arc subsidiary concentric rings (Fig. VII-3a).

An additional partial ring is marked by discontinuous
ridges with smooth convex-upward profiles that are some-
what like lunai mare ridges, but unlike lunar basin
ridges (Fig. VII-5¢). Finally, there are two long inward-
facing low scarps backed by a featureless platcau (Figs.
VII-5b, VII-5¢, and VII-6). These scarps, which may be
connected into a single stiucture, are like the fourth ring
of Imbrium and are tentatively considered the fourth
principal ring of Argyre.

In a lunar basin, the lincated basin cjecta is deposited
on the plateau outside the third ring. At Argyre, the
radial lineations that are clearly visible outside the third
ring could be scours or faults in bedrock and not deposi-
tional texture of ejecta, but some finely lineated terrain
could represent the Argyrc ejecta blanket (MTVS 4162-
66, DAS 06426598).2 No secondary impact craters have
been discovered unless the widenings along the Bouvard-
like valleys are of this origin. Systematic mapping prob-
ably will be required to locate the Mailian basin
secondaries, as it was on the Moon except for the obvious
ones of Orientale.

2Numbers in parentheses that appear in the text refer to Mariner 9

television pictures not included in this section, but which provide
additional pertinent explanatory material. All Mariner 9 pictures
may be ordered from the National Space Science Data Center,
Code 601, Greenbelt, Maryland 20771.
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Fig. VII-5. Overali views of the Argyre basin (Mariner 9 ‘“‘geodesy” frames; see Fig. \'ll-4 for location and
orientation). (a) Southeast sector. The rugged basin rim has a predominantly concentric structure. A radial
valley (containing a much younger channel) extends outside the rugged rim. Several small islands, prebably
marking a buried innermost ring, protrude through the plains fill. Large crater 200 km in diameter. (MTVS
4143-06, DAS 05812553) (b) Southwest sector. The rugged rim is divided roughly into two concentric ring
belts. The inner of these (the ‘‘second” basin ring) has a random structure, and the outer one a radial struc-
ture. Part of a low basin-concentric scarp is at the lefc (west). (MTVS 4134-06, DAS 05524578) (c) ! .rthwest
sector. The rugged proniontory near the center .f the picture may contain parts of two rit.gs, the inner one of
which (the innermost basin ring) is mostly buried by plains material elsewhere. A conspicuous arcuate trough
di+ des this promontory and other, less cor.spicuous, peaks of the second basin ring from the third ring. The
ouwer part of the rugged rim (third ring) is radially structured in the north half of the picture. A short ridge.-like
ring and a long, outer basin-facing scarp like that of (b), or its continuation, are left (west) of the rugged
rings (see Fig. Vii-4 for guide to locations). (MTVS ..137-09, DAS 05596608) (d) Northeast sector. The rugged

part of the rim, composed of two indistinct rings, is embayed by plains materisl north of the iarge (200-km)
crater. (MTVS 4143-09, DAS 05812628)
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C. Hellas

Hellas, whose main rim is about 2000 km across (be-
tween crests), is the largest dircular basin so far dis-
covered (Fig. VI, The main rim is probably analogous
to the 1500-km ring of the Moon's largest basin, Iimbrium.
This conespondence is uncertain, however, because
Hellas is harder to describe in lunar terms and to
visualize as a whole than s Argvre. Hellas may be
basically diff.rent or the difference may he only apparent
and may result from concealment of its inner rings by
the plains 61l or by blowing dust, or merely from the
ir “erior photographic coverage.

The northern and castern rims are composed of rugged
peaks that resemble those of Argyre and of the large
lunar basins. but are more degraded and more widely
spaced (Fig. V'2.7). Most are irregularly oriented, but
there are some radial and concentric elerents. Indistinet,
irregular troughs may divide the peaks here into two
broad rings, but the rings are less continuously traceable
than in lunar basins and in Argyre. No attempt is made
to draw them east of the basin, where peaks occur over

»

a very large arca iFig. VII-T0 The northeast rim s
heavily embayed and Hooded by plains material so that
the rim breaks up into numerons isolated aslands sur-
rounded by plains.

The western rim (Fig. VII-SY consists of two rings, A
ru. od, partly sharp-crested and parthy broad  ring,
rather like the third ring of Argyre, is bounded by an
inward-facing scarp and a sinadler outward-facing scarp.
Ouite vear this ring is another consisting of a scries of
smooth concentric ridges. These ridges resemble certain
degraded rings of lunar basins, but are more numerous
and more closely spaced: in spacing they resemble sub-
rings southeast of Argvre (Fig. VIH-3a). A terrestrial
tectonic analog has been suregested for them (Ref. VIE-6,
2. 54. Other vague ring structures whose relation to
Hellas is best seen on the shaded relief map (Fig. VII-4).
occur west of the basin, They resemble the short ridge-
like ring of Argyre (Fig. VII-5¢) and are not very lunar
in morphology or spacing: thev are, however. poorly
photographed. The reason for the difference between the
vast rim (wide cxpanses of separated peaks) and west
rim (discrete concentric ridges) is not known.

Fig. VII-7. Enstern borderiand of Hellas basin. North is at top. Ares covers about 1500 km
sast to west. (MTVS 4133-09, DAS 03488%90)
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The southwest rim s quite indistinet and iy covered
by finely braided material that resembics lincated basin
cjecta MTVS 4145-45. DAS 03556655, This appearance
mar he coincidental, however, for the lincations in the
castern part of this region are net cdosely radial to the
basin. This southwestern sector might be depressed be-
cause of the presence of a basin older than Hellas, as
snggested by some vague ring structures (Fig V-4
NMTVS 4139-06. DAS 06316138 Another pre-Hellas basin
may cause the depression that allowed the flooding in
the northeast. Similar relations are common on the Moon,
as around the Imbrium basin (Fig. VIE2) where the pre-
Imbrian basins . ronitatis, Vaporum. and Aestuum were
low points tor the deposition of the Imbrium cjecta and
are now flooded by mare material.

Photomosaic by U. S. Geological Survey.
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Fig. VII-9, Libya basin. Arc of mountains concave northward toward main plains fill is best exposed part of basin rim. Amow

marks outer basin-concentric scarp. Post-basin graben concentric with the basin occur northwest and southeast of the basin

Hellas is most Lkely an fipact feature: however. the
incompleteness and anusual spacing of its ring structures
forces the question of origin to remain open. Possibly
the main circular part of Hellas is a normal impact basin
ard the irreeularitics are due to pre-Hellas basins or
maodifications by internal processes. Systematic mapping
or better photographs will be required to resolve these
possibilities.

D. Libya

The Libva basin (named in Ref. Vi1 7} is a less obvious
basin than Argyre and Hellas because it is less complete,
miuch of its rim being buried by plains deposits (Figs.
Vi1 and VIH-9). Its identity as a multi-ringed circular
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basin ic well established. however, by an arcuate belt
of rugged peaks that border the plains on the south: this
belt re-emerges in more subdued form northwest of the
plains fill. The inner edge of this rugged basin rim makes
a circle aboat 1100 km in diameter. In addition, there is
a long concentric scarp in the terra south of the basin
(Fig. VII-9, arrow).

The peaks of the main are south of the plains fill have
a rough basin-concentric arrangement that is here tenta-
tively interpreted to be threefold (Fig. VII-); the three-
fold ch rocter is most apparent southeast of the plains
fill (Fig. V11-9). Peaks of all three rings have some con-
centric and radial edges: the outer (third) ring has the
most radial elements. Moreover. the plateau southeast
of this ring has basin-radial structure in places (Fig.
Vii-4, centered about 0~ Ilatitude, 248° longitude;
“lineated terrain” of Ref. VII-7, Fig. 17b). This threefold
structure suggests analogy with the three inner rings of
Argyre, Orientale, and Imbrium. Alternatively, the two
inner rings together may be the equivalent of the second
Rook ring of Orientale, in which case the Libya equiva-
lent of the inner Rook ring is buried by fill. Post-basin
graben occur inside the third ring. where they also
occur in lunar basins (faintly visible at Imbrium in Fig.
VII-2; more complete analogy at Humorum). The outer
scarp (Fig. VII-9, arrow), the fourth Libya ring, is
analogous in position and length o the Imbrium scarp
south of Sinus Medii (Fig. ™ {1-2), but is higher and
steeper.

Ejecta of Libya have not been identified; the radial
features to the southeast are probably structural. Exten-
sive tracts of knobby terrain east of the basin fill were
previously suggested to be cjecta of Libya or bedrock
shattered during its formation (Ref. VII-7), but this
hypothesis has been rendered w Vi ely by systematic map-
ping, which shows that the knovby terrain is not con-
fined to basin peripheries. but borders most of the
contact between the ucnsely cratered and sparsely
cratered parts of \.rs (Ref. VII-8; also see Section II
of this Report).

The exter .ive modification of Libya results fiom its
position :.nwart the contact between the Moon-like
densely cratered province and the sparsely cratered
plains. Plains deposits heve buried the northeast basin
rim and embayed tk- southwestern rim. The circular
outline of this eini.ayment suggests that it is localized
by a pre-Liby: basin, which (as at Hellas) has caused
the Libva 1} in this sector to be depressed. The periph-
«7al cor_entric graben indicate radial tension after basin
toym.tion, perhaps long after. Sharp scarps in the plains

fill over the first and third basin rings indicate even
later adjustment e.e.. MINVS 4156-75. DAS 07147425

E. ‘‘Martian Schrodinger”

The multi-ringed basins that remain to be discussed
are smaller than Argyre. Hellas, and Libya. By far the
freshest is a double-ringed basin, 200 ki in diameter.
centered at 32°S latitude, 817 longitude: it does not
coincide with a well defined telescopic albedo feature,
s0 it is here referred to by the name of the lunar feature
325-km diameter) which it most closely resembles.
("Martian Schrodinger.” like other small features that
are here called basins, will doubtless receive a specific
crater name from the [AU.) Two rings are very well
defined (Fig. VII-10). The outer one is concentrically
structureq like a typical crater rim. and the inner one
is a ring of rugged peaks much like that of the lunar
Schrodinger (“peak ring” of Ref. VII-2, pp. 13. 63). The
extensive ejecta blanket of “Martian Schridinger” is
fine-textured and may be superposed on fairly sharp
rilles that cut the adjacent plains. This basin is obviously
very yvoung by Martian standards and shows how other
features of similar size once may have locked. For lunar
features, 200 km is within the size range in which a
scecond ring appears.

F. Edom

A somewhat larger, more degraded, basin is Edom
(named in Ref. VII.7). Its 430-km rimcrest-to-rimcrest
diamecter is comparable to the lunar ncarside basins
Crisium and Humorum (500 and 425 km, respectively)
and to the farside Korolev basin (430 km; Fig. VII-3).
The main Edom ring (Fig. VII-11) evervwhere faces the
plains in a (usually jagged) scarp. In some places, it is
rugged and elevated above the plateau behind it; in
other places, it is level with the plateau. An inner ring,
surrounded by the plains fill, looks, on the available
pictures, partly like “terra” islands and partly like a lunar
mare ridge. The inner rings of several lunar basins, in-
cluding Imbrium and Crisium, are also made up of
islands of the basin ring plus ridges caused either by
intrusions along fractures following the buried ring,
or by differential compaction over the buried ring. A
scarp southwest of the main Edom ring and parallel to
it may be a third Edom ring.

Radial structures south of the main ring (MTVS 4170-
36, DAS 06714788) lock like lunar basin-related structures,
ejecta or gouge. Elsewhere around Edom such structures
presumably are buried, eroded, or poorly photographed.
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Fig. VII-10. “‘Martian Schridinger.” (a) The outer ring is 200 km in diameter. The northern
(upper) part of the ejecta blanket, including some faint secondary crater chains, seems
to bury part of the narrow rilles. (Mosaic of MTVS 4154-54, DAS 06138898; MTVS 4156-5],
DAS 06210438, top to bottom.) (b) Detail of (a) 10x the scale. (MTVS 4245-19, DAS

09159719)

G. lapygia

The main ring of the Iapygia basi:. (named in Ref.
VII-7) resembles that of Edom in size and morphology.
The two other rings are probably present, but are indis-
tinct. The existence of an inmer one is indicated by a
circular albedo pattern (Fig. VII-12) that probably is
caused by topographic control of dust deposition. The
existence of an outer ring is suggested by subtle varia-
tions in topography. Both these rings would probably
show up better in pictures taken at lower-angle Sun
illumination (about 45° in Fig. VII-12).

In contrast, radial structures are more extensive around
Iapygia, at lcast to the west, than around Edom (Fig.
VII-13). Cratered rims are grooved and squared off like
many lunar rims near basins. Also there are grooves in

JPL TECHNICAL REPORT 32-13%0, VOL. IV

the intercrater plateau. The apparent differences between
Iapygia and Edom are probably duc to differences in
local geologic factors such as post-basin deposition and
erosion, not to differences in age. The western interior
of Iapygia, like the western periphery, seems to be less
thickly mantled than the interior of Edom.

H. Other Basins

At Jeast two other circular features between Edom/
lapygia and “Martian Schrodinger” in size have faint
traces of inner second rings (23°N latitude, 327° longi-
tude; 21°N latitude, 298° longitude). Systematic search
on low-Sun photography may reveal (or has revealed)
others. Censidering how many have been found, one
suspects that most or all circular structures on Mars
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Fig. ViI-11. Edom basir, main ring (450-km diameter) and partial inner ring.
(MTVS 4170-51, DAS 06715208)
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Fig. ViI-12. Eastern rim and interior of lapygia basin. (a) The presence of an inner ring
concentric with the rim (main ring) is suggested by the aibedo pattern. Area covered is
about 400 km long. (MTVS 4183-33, DAS 07074638} (b) Detail of rim at 10X the scale
of Fig. ViI-12a. The rugged texture may be mostly erosional, not primary. (MTVS 4183-36,
DAS 07074693)
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Fig. VII-13. Southwestern periphery of lapygia basin, showing extensive structure radial
to basin (to upper right: east-northeast). (MTVS 4181-33, DAS 07002628)

above 200 or 300 kin in « tameter Fave @ second (or more)
ring that is obscured by vounger deposits. Thus, the
formation of rings may well follow the same lavs as on
the Moon.

An additional probable large basin is centered at 83°S
latitude, 262° longitude, near the south pole [Mariner
¢ frame TN19: Ref. VL9, pp. T07-708]. It consists of
a semi-circular are, about 900 km in diameter, that looks
much like the main ring of kuge lunar and Martian
basins, It is about the size of Montes Cordillera of
Orientale. The south pole lics just inside the ring. Other
rings are not ebvious, although an inner, probably sce-
ond, ring is suggested by a few peaks at 79° to 80°S
latitude, 270° to 280° longitude. Other rings, if present.
are buried by post-basin deposits, including polar ice.

I. Summary and Conclusions

This preliminary study has shown many similiaritics
between Martian and lunar multi-ringed basins. There
is a similar relation between basin size and number of
rings (Table VII-1). The second ring scems to appear
in the crater-basin continuum in roughly the same diam-
cter range, judging from the one large Martian feature

JPL TECHNICAL REPORT 32-1330, VOL. IV

Table VII-1. Principal Martian and lunar multi-ringed circular
basins discussed in this section

Diameter of ring
Number of believed to hound
conspicuons basin proper
rings (measured hetween
crests), km

Basin

Hellas ( Mars) ? 2000
Libya (Mary) 4 1900
Imbrivm ( Moon) 4 00
Argyre (Mars) 4 1200
Oricentale ( Moon) 3 950
Edom (Mars) 3 450
Tapygia (Mars) 2 450
Korolev ( Moon) a 430
“Schrodinger” ( Mars) 2 200

so far discovered that is fresh enough to have the see-
ond ring preserved (“Martian Schriodinger ” 200 km).* The
large basins Argyre and Libya resemble large lunar basins

*Hartmann (Refs.. VI1-9 and VII-10; sce also Section VI of this
Report) also recognizes the basic similarity b tween Martian and
lunar basins, but believes that multiple rings may appear at a
smaller feature size on Mars than on the Moon (and at a still
smaller size on Earth).
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quite closely in ring morphology, ring spacing, apparent
number of rings (four). and morphology ot radial struc-
tures outside the main basin. However, the largest basin
of all, Hellas, does not appear to completely fit the pat-
tern, for reasons not vet known. The smaller basing
Edom and lapyveia are much like their degraded lunar
cquivalents. Ejecta and secondary impact craters have
not been identified with certainty around any Martian
basins except “Martian Schrodinger.”

The similarities are tentatively considered yreat enough
to mdicate that Martiun and lunar basins were formed
by the same process, Morphological and statistical stud-
jes of lunar basins have strongly indicated this proccss
to be impact.

All but ene of the basins described here are ancdicut
fvatures that are part of the impact-dominated hemi-
sphere of Mars, and would be lost to view if present in
the voung, predominantly voleanic hemisphere. “Martian
Schrodinger.” coincidentally also in the cratered hemi-
sphere, is voung enouch to be still visible even if in the
volcanic hemisphere.

Systematic mapping, which will be forthcoming from
the planned program of quadrangle mapping at the
1:5.000,000 scale. should be directed at clucidating the
problem of Hellas, checking the positive preliminary
results presented here, and surveving all large Martian
circular features for similarities and dissimiliarities to the
contintum of Martian and lunar craters and basins.
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VIil. Martian Cratering IV: Mariner 9
Initial Analysis of Cratering Chrconology

William K. Hartmann
Planetary Science Institute, Tucson, Arizona 85704

A. Review of Martian Cratering Analyses

Opik (Ref. V1II-1) and Tombaugh in American Astron-
omer’s Report (Ref. VIII-2) surmised that craters might
be abundant on Mars. Craters on Mars were proven to
exist through photography by Mariner 4 in mia-1963.
In the first analysis of these pictures by Leighton et al.
(Ref. VILI-3), it was pointed out that the crater density
of the Martian terrain photographed resembled “remark-
ably closely the lunar uplands.” On this basis, Leighton
et al. concluded that the age of the surface was 2 to 5
aecons. Immediately following this, Witting et al. (Ref.
VIII-4), Anders and -nold (Ref. VITI-5), and Baldwin
(Ref. VIII-6) pointed out that the Martian cratering rate
must be higher than the lunar rate and that the age
should be appropriately reduced. The three papers gave
ratios of Martian to lunar cratering rates of 15, 25, and
5 to 10, respectively, and all derived ages of the Martian
craiers in the range 0.3 to (.8 aeon, about one-tenth the
initial estimate.

The next gen;:ration of crater studies, still based on
Mariner 4 results, revised the age upward to the original
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estimate. This resulted primarily from utilizing new
crater counts on improved Mariner 4 pictures, from
correcting the lunar crater counts which were being used
as a reference, and from correcting the crronesus assump-
tion that surface age could be scaled linearly in propor-
tion to the crater density on Mars expressed as a fraction
of the crater density on the ancient lunar uplands. The
latter assumption is incorrect because the pre-mare lunar
cratering rate was much higher than the post-mare lunar
cratering rate, which has been more uniform and thus
allow- better age scaling. Binder (Ref. VIII-7), Hart-
mann (Ref. VIII-8), and Opik (Ref. VIII-9) referenced
their counts to assumed lunar mare ages of 4.5, 4, and
4.5 acons (later radiogenic dates from Apollo and Luna
samples: C to 4 aeons) and derived ages for the largest
Martian craters of 2.2 to 3, 3.6, and >3 aeons, respec-
tively. Hartmann and Opik pointed out that impact
velocity on Mars was different from that nn the Moon
and applied a correction factor.

With the publication of these papers, agreement ap-
peared to be reached on the essentials of age estimation
based on craters and on the result that the large craters
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Wai several aeons ald and not post-Cambrian in age,
Discussion in the litesature at this point turned to cftects
of crosion aud the state of crater preservation. Hartmann
tRet. VIH-S) had pointed out that the mean or maxi-
wum age of a group of craters of a given size was
stronghy size dependent, using the term “crater reteation
age” for the age of the oldest erater of any given size in
the given geologic provinee. He concluded that many
craters smaller than diameter D~ 30 km had been ob-
literated by erosion or filliing, but that larger craters gave
a crater retention age. indicating the late stages of
planct aceretion Opik (Ref. VII-9) similarly concluded
that the largest craters had survived from the end of a
primeval period of intense cratering, but that many
smaller craters had been erased by colian erosion acting at
one-ihirticth the rate found in terrestrial deserts. Binder
(Ref. VIII-TValso called for “large-scale subaerial ero-
sion” in the carly history of Mars, to account for deple-
tion of craters smaller than D = 40 km, and related this
result to spectrometric evidence for weathered, oxidized
iron mincrals that imply a denser atmosphere in the past.

Marcus (Ref. VIII-10) also analyzing Mariner 4 data,
found depletion of craters smalier than about 20 to 30
kin, and concluded that the surface was nearly saturated
with larger craters. Chapman et al. (Refs. VIII-11 and
VITI-12) found that the obscrved craters were degraded
in form and made a comprehensive study of the effect of
erosive processes on the morphologics of craters and their
diameter distribution. These authors concluded that
aiatering of Mars had produced a cumulative total of 0.1
to several kilometers of dust, and that either extensive
crater overlap or crosion transport processes were re-
quired to account for the observed morphologies and
diameter distribution. In their more detailed paper,
Chapman ct al. (Ref. VIII-11) derived a dust-filling
madel for crater obliteration which predirted a series of
crater morphologies close to that observed.

At this time. only 0.5% of the Martian surface had
been photographed at high resolution, as pointed out
most clearly by Opik (Ref. VIII-9). Most authors implied
that since cratering was an external process and the
Mariner 4 pictures cut a long swath across Mars, the
cratering could be expected to be similar in most regions.
Other cautions were sounded at this time. Binder (Ref.
VIII-13) criticized the counts of Chapman et al. (Ref.
VIII-11), Marcus (Ret. VI11-10), and Leighton et al. (Ref.
VIII-14) for including many small craters which were
not confirmed in comparison of their separate counts.
Chapman ct al. (Ref. VIII-12) pointed out in reply that
these small craters had little effect on the crater density
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amdyses. which were based on the better determined
farge craters, Wdls wad Ficelder (Ref VIT-13) criticized
Opik’s (Ref. VIHI-9) assumption (and that of the other
authors) that the craters being analyzed were principally
astroblemes. In retrospect. we note that while recent
Meanmer results have disclosed large voleanic calderas.,
the Mariner 4 pictures portrayed what is now known to
be a heavily cratered part of Mars in which impact
craters are believed to predominate. In summary, it ap-
pears that Mariner 4 analyses viclded a valid and consis-
tent picture of a geologically ancient surface with some
erosion cffects.

Russell and Mayvo (Ref. VIII-16), pursuing an early
suggestion by Opik (Ref. VIII-1) and Tombaugh (Ref.
VIH-2), measured the size distribution of Martian oases
and concluded that they were impact sites. This has rot
been confirmed by recent data; Juventae Fons and Lunae
Lacus, for example, are chaotic terrain collapse sites;
Trivium Charontis is not n:arked by any usual structure;
and other classical oases are of less certain nature. Some
oases may ¢ dark patches forined in crater floors.

in mid-1568, the second generation of close-up images
of Mars became available with far-encounter and near-
encounter picture sequences by Mariners 6 and 7. By
chance, these two spacecraft took nearly oIl of their
near-resolution images in the highly cratered portions of
Mars, as did Mariner 4. Furthermore, the far-encounter
pictures were taken at a low phase angle and consider-
ably poorer resolution than the high-resolution views.
For these reasons, the Mariner 6 and 7 crater analyses
were similar in result to those of Mariner 4; neither pro-
duced any radical change in the conception of Martian
cratering, nor did more than hint at the remarkable
heterogeneity later revealed by the Mariner 9 mission.
The principal new relevant results were additional sup-
port for the hypothesis of past erosion and suggestions
that this erosion, evidence for colfapse-induced “chaotic
terrain,” occurred not at a constant or smoothly changing
rate, but in episodic events.

In the preliminary analysis of Mariner 6 and 7 data,
Leighton et al. (Ref. VIII-17) conclude that “several
billion years” would be required “to produce the density
of large craters...m the more heavily cratered areas.”
This is the first recognition of the differences in crater
density from one province to another. Murray et al. (Ref.
VIII-18), in the final Mariner 6 and 7 report, studied not
only crater numbers but also crater morphology, and
reached 2 number of important conclusions:
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(1) Little correlation exists between crater density and
classical albedo markings.

{2) Small craters are morphologically  different from
hig craters. being more bowlshaped.

{(3) Large craters date back to a very early period.

{(4) Horizontal transport of material is much greater on
Mars than on the Moon and affects the crater
forms.

(3) Past crosion processes 0. Mars may have been
episodic.

These conclusions are supported by the present Mariner
9 analysis. Conclusions reached by Murray et al. (Ref.
V1I1-18). which differ from those reached here, include.

(1) “Craters are the dominant landform on Mars.”

(2) “The size-frequency distribution of impacting bod-
jvs that produced the present Martian bowl-shaped
craters differs from that responsible from post-mare
primary impacts on the Moon . . "

Subscquent analyses of data from Mariners 6 and 7
focused on the implications of past crosion history on
Mars., Hartmann (Ref. VIII-19) found that the diameter
distribution of the craters and dynamics of orbital en-
counter were consistent with impacts by the asteroid
population near Mars and rerquired inuch greater crater-
ing rates and crosion rates in carly Martian history.
Hartmann (Ref. VIIT-20) suggested that a major agent
obliterating craters was the deposition of windblown
dust in crater floors. McGill and Wise (Ref. VIII21)
found localized differences in small-crater populations
and proposed “general continuity of crater formation and
degradation with locally sporadic formation and/or deg-
radation of the smallest craters visible.”

Oberbeck and Aoyagi (Ref. VIII-22) opened a new
arca of investigation by proposing that the incidence of
doublet craters (nearly tangent to cach other) was much
higher than random. Such doublets were compared to
the terrestrial examples of Clearwater Lake East and
Wost, in Canada, and were attributed to the breakup of
incoming meteoroids by tidal stresses set up during pas-
sage throu h the gravitational ficld of Mars, This hypo-
thesis has not yet been widely studied.

At the beginning of the Mariner 9 mission then, there
was consensus on the following points:

(1) In heavily cratered regions, the oldest large craters
(D =50 km) date back 3 to 4.3 aeons.
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(2) The ecarliest history of Mars (some 10° vears?) was
marked by mtense bombardment associated with
aceretion.

(3} More crosion and/or obliteration of craters oc-
curred on Mars in the past than is occurring now,
and this crosion may have cither been concentrated
in the earliest history, occurred in sporadic evi-
sodes, or both,

(4) Local variations in cratering from region to region
cxist, but were believed to be relatively minor.

B. Significance of Crater Morphology

At the outset of any dis ussion of cratering on Mars,
it is crucial to determine the relation between the Mar-
tian craters and similar features on Earth and the Moon.
Only if the features are related can we use them to
understand the evolutionary state of the Martian crust
vis-a-vis that of Earth and the Mcon; i.c., only then can
we capitalize on the Mariner 9 opportunity to practice
comparative planctology. Therefore. it is the purpose
herc to demonstrate that Mars exhibits a sequence of
crater forms which matches a sequence found on both
Earth and the Moon.

A comparison of crater forms on the three planets is
complicated .y the undoubted presence on N urs of large
volcanic craters. The most clearcut examples, such as
those necar Phoenicis Lacus and Nix Olympica, lie on the
summits of volcanic mountains, large even by terrestrial
standards. In these cases, identification of volcanic origin
is simple because of characteristics such as summit loca-
tion, scarps, coalescing rims, and other morphologic
features. The largest of these volcanic summit calderas
is that near Phoenicis Lacus, having a diameter of about
125 kin. The diameter of the caldera on Nix Olympica
is about 72 km. This raises a question whether similar
sized calderas could appear in abundance in other parts
of the planet and be mistaken for impact craters. How-
ever, the clear diagnostic characteristics of these volcanic
craters, the fact that the Martian craters taken in toto
match the diameter distribution predicted for impact of

asteroid fragments (see later part of this section), and

the frequent indications of ejecta blankets suggest that
impact craters predominate and that volcanic craters on
Mars, at least at the multi-kilometer size ranges consid-
ered here, do not constitute the majority of craters.

Figure VIII-1 shows a size comparison of craters of
various morphologic types found on Earth, Mars, and
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Fig. VIW-1. Comparison of crater types on Moon (top), Mars (middle), and Earth (bottom) showing four types of crater mor-
photogy. Diameter in kilometers is given in boldface numbers, Crater types from ieft to right are bowl-shaped, central peaks, in-

terior ring of peaks, and large basin.

the Moon, If the extensive data on lunar craters are fitted
together with field geologic data from studies of terres-
trial craters (e.g.. Dence ct al. in Ref. VIII-23, p. 339). it
is evident that a range in crater form exists starting at
small diameters with simple bowl-shaped craters, pro-
ceeding through what Dence termed complex craters
with central uplifts or peaks, and extending to lunar
examples of craters with rings of peaks on the crater
floor, an example being the crater Schrodinger, At still
larger diameters, all manifestations of central mountains
disappear and the crater rim is swrounded by a series
of concentric ring faults. These concentric systems are
not prominent on Mars or Earth, and on the Moon the
older examples are severely eroded.

Figure VIII-2 compares the sizes of these crater types
on three planets. On Earth, craters as small as 10 km
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commonly have central uplifts; on the Moon, the central
peak frequency is maximized wvearer a diameter of 90
km, Similarly, there is an offset in mean size for other
propertics, as pointed out in an carlier paper by Hart-
mann (Ref. VIIL-24) based on data from Mariners 6 and
7. The Mariner 9 data confirm the basic observation of
the carlier paper. namelv that each cratcr tvpe occurs at
smaller physical dimension as the planct grows larger.
In the earlier paper, this was attributed to the fact that
as surface gravity increases, a smaller volume of rock
suffices for gravitational adjustments to overcome the
constant strength of rocky material,

It is concluded that similarities exist in basic crater
morphology between Martiun, lunar, and terrestrial ex-
amples, and that most of the larger craters can be com-
pared on the bas's of impact theory.
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Fig. VIII-2. Histogram showing frequency of occurrence of central peaks and interioy rings
as a furicdon of diameter for craters on Earth, Mars, and the Moon. Smaller s.:rface gravity
results in larger dimension tor transition from central peaks to interior rings.

C. Undersaturation: Fossil Record of Asteroid
Mass Distribution

The asteroids, which may be related tu the population
of objects impacting Mars, nearly fit a regular power-law
distribution in mass or diamcter, except at large sizes, as
first pointed out by Kuiper ct al. (Ref. VIIT-25) and re-
cently confirmed by Van Houten et al. (Ref. VIIL-26).
The irregularities in mass distribution of large asteroids
should be transformed into irrcgularities in the distribu-
tion of large craers on Mars, if most of the Martian
craters are caused by asteroidal impacts. The irregularity
in question is a flattening of the asteroid size distribu-
tion between asteroid diameters of approximately 7 and
50 km.

Ry converting the asteroid mass distribution into the
distribution of crater diameters that would be produced
on Mars by asteroid impacts, Hartmann (Ref. VIII-19)
predicted that “asteroidal impact craters, if they fall be-
low the saturation line, would show a plateau or flat spot
in the crater diameter distribution in approximately the
interval 50 < D < 500 km.” The 1971 paper compared
the predicted crater distribution with a small sample of
craters from Mariner 4, 6, and 7 cratering data. Statistical
scatter was large among the crater sizes considered, but
it was concluded that “the Martian craters do show at
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least marginal evidence of the fossil imprint of the aster-
oid mass distribution.” Mariner 9 data extend the crater-
ing statistics to such a large sample that a much more
meaningful comparison can be conducted.

The first problem that must be solved is that of satura-
tion. If true saturation were approached, the diameter
distribution of craters would be highly restricted be-
cause the diameter distribution would be determined by
the maximum geometric packing of crater.. Therefore,
it is important to guarantee that tnc areas studiea are
free from this saturation cffect. Mariner 4, 6, and 7 pic-
tures all showed regions wherc the crater density was
quite high. Mariner 9 pictures have clearly shown that
suine provinces on Mars are sparsely cratered, under-
saturated, and appaiently young. Thus, it is possible to
select regions where saturation ‘s not irportant and to
test for saturation in other regions.

This has been done in the following way: A crater
catalog of all craters down to 84 km has been prepared
using Mariner pictures and preliminary USGS Mars
photomosaic charts for latitudes south of +32° where
the north polar haze is not an obscuring influence. The
catalog was checked against the USGS airbrush struc-
tura] map with the result that some 30 craters were
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addded, bringing the total to 530 craters. To define three
provinees, the charts were divided into three wroups.
spansely cratered. moderately cratered. and beavily cra-
tered. Only the heavily cratered provinee approaches
satun gion. Therefore. we have at least two independent
vroups of data to determine the size distribution of
craters in unsaturated regions, and a test for the aster-
oidal mass distribution can be attempted.

Figure VIS shows the diameter distributions {in
logarithmic increments) for craters in the three types of

e =

INCREMENTAL NUMBER OF CRAI’ERSAMZ

w0
2,632 45,3 64 90,5 128 181 256 362 512 723 1024

provinces mentioned. Data frem the crates catalog for
D > 81 ki are Ktted to counts from individual pictures
for D < 64 km. The upper envelope for all curves is the
saturation line. which is based on data from the most
heavily cratered lunar uplands ard from experiments.
Below the three curves showing Martian provinces are
piedicted Glameter distributions for arbitrarv numbers
of asterod impacts bosed on the recent Palomar—Leiden
asteroid survey (Ref. VIII-26) and other sowmces. dis-
cussed by Hartmann (Ref. VIIT-19). Figure VI3 i thus
an updatcd version of Figure 1 of Ref. VIII-19. The
asteroid counts can be adjusted by vertical sliding ac-
cording to the total density of craters considered.

On the basis of the earlier discussion, it had been
hoped that Mariner 9 would produce a large enough
sample of craiers so that the fossil record of a-teroid
mass distribution could be detectcd or refuted. However,
this would have required a liree crater sample. i.c. chat
all of Mars be cratered to the same density as forad ie
the Mariner 4, 6, and 7 regions. In<tead, as indicated
in Fig. VIII-3, large regions are sparsely cratered and the
statistics are insufficient to settle the question. The
numerals “27 in Fig. VIII33 indicate, for each curve,
where the number of craters in the logarithmic incre-
ment drops to two.

The conclusions reached on the basis of Fig. VII1-3 are:

(1) Even the heavily cratered regions of Mars are not
saturated with craters.

(2) At D= 100 km, the Martian craters are quite con-
sistent with known asteroid statistics.

(3) Although the slope of the size distribution of
craters flattens or becomes more positive with in-
creasing size in the size range D > 181 km, as
predicted from comparison with asteroid mass
distributions, the absolute numbers of craters are
too small to allow a definite conclusion as to
correlation or noncorrelation with the asteroid mass
distribution.

(4) No data are inconsistent with asteroid impacts.

D. Impiication of Hemispheric Asymmetry
in Crater Density

Fi~ure VIII4 shows a Mercator plot of large Martian
craters based on the above-mentioned catalog of all
craters of D > 64 km. The plot reveals a crustal asym-
metry. The hemisphere centered south of Deucalionis
Regio is heavily cratercd, and contains the Hellas, South
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Pclar. Argyre. and Mocris Lacus basins. The hemisphere
centered among the volcanoes near Nix Olympica is
sparsely cratered. The fact that the south polar region
(except for the inner cap itself, latitude > 80°) is heavily
cratered and that Mariner 9 pictures. after north polar
haze clearing, revealed a sparsely cratcred north polar
region strengthens the hemispheric asymmetry seen in
Fig. VIII-.

The rough division of Mars into heavily and sparsely
cratered hemispheres occurs along neither latitude medi-
dians nor longitude parallels. Rather the great circle best
fitting the division is inclined from about 50°N to 50°S
Jatitude. It is thus extremely difficult to relate such an
asymmetry on a rotating planet to external influences,
such as nonisotropic metcoroid bombardment. It appears
that the crater deficiency in the volcanic region is due
to depletion by internally gencrated processcs.

These processes are indicated by the unique geology
of the region. The whole bright, sparsely cratered region
surrounding Nix Olympica and Tharsis is elevated several
kilometers above the mean Martian radius and sur-
rounded by a strong radial pattern of faults. The
Coprates canyon lics radial to the domed region. Shield
volcanoes reaching an additional few kilometers above
this dome lic near its center. The “desert” between tie

JPL TECHNICAL REPORT 32:1350, VOL. IV

. md -

Fig. VIII-4. Distribution of all craters on Mars larger than 64 km in diameter. Solid dots show craters between 64 and 90 km in

diameter; open circles show larger craters scaled to their approximate true size.

volcanic shields is characterized on high-resolution (% to
1 km) pictures by lobate flow-like structures resembling
Junar and terrestrial lava flows.

Clearly, strong voicanic and tectonic activity has
obliterated the ancient cratered crust in the Tharsis
volcanic dome, the Elysium volcanic dome. and nearby
areas. The nature of such processes will be discussed
elsewhere in a separate paper;' evidence points to crustal
updoming of a type recognized on Earth and reflecting
incipient convection, but {alling short of full-fledged
plate tectonics as devcloped on Earth. It is of interest
to note that hemispheric asymmetries of crustal structure
appear on the Moon (mare/terra), Mars, and Earth
(oceanic/continental), probably indicating that primeval
uniform surfaces become heterogeneous through the ac-
tion of inpact basin {ormation, sediment deposition, and
mantle activity.

E. Relative Dating: Survey of Crater Densities

Figure VIII-5 shows the map of Mars contoured ac-
cording to density of craters of D > 64 km. There is no
correlation between the density of these large craters and

S,
1Accepted for publication in Icarus.
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Fig. VII1-5. Contours of :rater density on Mars for craters iarger than 64 km in diameter. Units give the number of craters
per equal-area block (biock area = 8.05 x 10* km=).

the classical albedo markings seen from Earth. Although
a number of bright “deserts,” such as Tharsis, Elysium,
Argyre, and Hellas, have much lower density than dark
“maria,” such as Mare Sirenum and Sinus Sabaecus, a
simple correlation between darkness and high crater
density is violated by the large, bright cratered regions
of Mpab and Arabia. Hence craterform surface irregu-
larities or crater cjecta patterns are not the direct cause
of the classical markings.

The largest Martian basins, indicated on Fig. VIII-5,
have bright featurcless floors where crater density is
anomalously low. This suggests either that the basins are
being filled in by blowing dust, or that such dust (of
light color) has formed a veneer over smooth, strati-
graphically young lava deposits similar to those that filled
the largest lunar basins.

An examination of Martian crater densities on the
global scale, as revealed by Figs. VIII-4 and VIII-5,
suffices to construct a generalized stratigraphic column,
i.e., a relative chronology, which is shown in Table VIII-1.
This part of this section describes this, and subsequent
parts indicate the degree to which absolute dates can be
determined, and how the varying shape of the crater
diameter distribution can be used to interpret localized
geologic history.
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Figure VIII-6 is a summary of Martian cratering data
and serves as a usctul introduction *o the discussion of
crosion history. That the heavily cratered region falls
below the saturation line found on the Moon is a sure
indication that substantial crosive and depositional
processes have destroved the carliest traces of accretion.
However, the high density of craters in regions such as
Deucalionis Regio and neighboring arcas photo-
graphed by Mariners 6 and 7 suggests that these areas
are quite primitive and may datc back to the end of
the accretion process. This conclusion is in accord with
the previous analyses of Martian cratering, as discussed
in the first part of this section. The marked irregularity in
slope of the cratering curve for heavily cratered areas
at diameters about 5 to 50 km is a strong i..dication that
many smaller craters have been obliterated, as lunar,
cometary, and asteroid observational data indicatc that the
initial diameter distributio of craters smaller than about
64 km should be a power law forming a straight line
with slope about —2 (Refs. VIII-11 and VIII-20).

A significant new feature revealed by Mariner 9 is the
behavior of craters smaller than 4 km in diameter, as
shown in Fig. VIII-8. In both the heavily and sparsely
cratered regions, this curve displays the approximately
—2 slope characteristics of uneroded terrain, where no
craters have been removed from the initially produced

JPL TECHNICAL REPORT 32-1550, VOL. WV

1 n .



Tabie Yiil-1. Preliminary relative chronology based on observed crater densilies

Time Event

Observational data

Recent Minor erosion and obliteration at sub-hectometer

scale (givater rate than lunar erosion)

Episodic? Flow channel formation (water flow?)
Continuing Cydlic deposition and destruction of pre-enisting
process? relicf in polar caps
Shield volcano formation
Subsidence and collapsing
Extensive volcanism
Relative
chronnl(.rgy Stressing and tectonic fracturing
uncertain
T:.ansport and partial infilling of major basins,
e.g.. Hellas
Modest erosion transport, deposition, and crater
obliteration
Lxtensive erosion
Formation of large basins, e.g., Hellas
Vory early Heavy cratcring, accretion

Dust storms, variable deposits, but lack of severe crate
obliteration among hectometer-scale craters
(D < 100 m)

Sparwely cratered, dendritic, sinuous flow channels

Sparsely cratered polar regions tlatitude 75° with
layered structur-?

Sparsely cratered shields near Tharsis and elsewhere

Fractured and partly destroved craters around rim of
chaotic terrain

Flows and large shield volcanoes in sparsely cratered
provinces in and around Tharsis

Major lincament pattern radial to elevated Thursis
region
Sparsely cratered, bright floors in depressed basins

Evidence for partial obliteration by filling?) of
intermediate-size, old craters (10 km < D < 60
km); deficiency of kilometer-scale craters with
respect to Phobos

Even most heavily cratered provinces are not quite
saturated with craters

Traces of ejecta blanket around Hellas

Most heavily cratered provinces nearly saturated

diameter distribution. Most of these craters are sharp
and bowl-shaped, as first discussed in detail by Murray
et al. (Ref. VIII-18). These facts. together with the
cvidence for heavy early erosion, indicate that the
amount of crosion on Mars in the recent geologic past
is less than in the distant past. While the average rate
of erosion has shown a dacline, we cannot be sure that
the decline has been monotonic, as the existence of
arroyo-like channels and stratified polar derosits strongly
suggests episodic variations in erosive rates superim-
posed on the general decline. While these gualitative
interpretations are summarized in Table VIII-1, we will
next attempt a more quantitative interpretation.

F. Absolute Dating: Interplanetary Correlations
in Cratering Chronology

In analyzing craters on the Martian surface, we are
in the favorable situation of having already dated cra-
tered comparison surfaces on two planets, and uneroded
surfaces near Mars on Phobos and Deimos. All these
surfaces, in different regions of the solar system, can be
utilized as control surfaces. The question addressed here
is how best to utilize these data in order to illuminate
Martian chronology.
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It is desirable to prepare a master diagram showing
crater density versus age fo- ali dated surfaces in the
solar system. From this could be read the ages of Martian
provinces on the basic of known crater densities. In
principle, such a diagram could be purely empirical
although, in the present stage of exploration, some
assumptions must be made about the mass distribution
of impacting bodies and about time behavior of cratering
in the past, as indicated by the following discussion.

Let D = crater diameter, T = crater retention age of
surface for specified D, F = crater frequency for the same
specified D (also called crater density), and R = rate of
formation of craters/km? for craters of the same specified
D. If the cratering rate, R, were constant

T=F/R
But we know from Apollo and Luna anslyses that R has
not been constan. Therefore, we assume only that the
time dependency of the cratering rate, R(¢), has been the
same for all planets, i.e., normalizing to the Moon

R(’)ﬂmt/ R(thtoos = kvlcnt = constant for all times ¢
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Fig. VIN-6. Diameter distributions of craters (averaged from
many Mariner 9 pictures) in heavily and sparsely cratered
Martian provinces (defined in text). For comparison, the upper-
most curve (triangles) shows crater densities observed on
Phobos and Deimos. Martian craters smaller than 8 km are
deficient by one to two orders of magnitude relative to Phobos
and Deimos, a fact indicating extensive Martian crater oblitera-
tion processes.

Thus, k varies from planct to planet, but for any planet
is time-independent. In terms of accretionary theory of
planet growth, this is equivalent to assuming that the
solar nebula cleared uniformly, althovgh the density of
interplanetary debris depended on position.

The crater retention age of a surfacc on any planet
should theretore be proportional to a quantity defined
here as adjusted crater density, F/k; that is

T= F/Rpluel = F/leaon « F/k

The objective of this discussion is thus to construct an
empirical plot of adjusted crater density, Fyianei/k, against
age for dated surfaces, so that data from all planets will
fall on a single curve, which may taen be used to date
Martian surfaces.

Cratering rate is defined here as the rate of formation
of craters of a specified D, or as the rate of impacts of
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given energy. but not as the number of im acts by par-
ticles of a given mass. The difference arises ' czacse Juwe
impact velocity on different plnets differs because of
orbital and gravitational effects. Modal impact velocities
for the Moeon Mars, and Earth are listed by various
sources as 14, 10, and 18 km/sec. respectively (see se
mary by Hartmann in Refs. VHI-8 and VIII-19). Accord-
ing to cnergy scaling laws, crater diamcter is approx-
imately proportional to (MV-) " * w.ere M = mete wite
mass and V = velocity. Hence, to match a bnar crater of
given size requirs a terrestrial impact by a meteorite only
0.627 as massivce as thar steiking the Moua and a Martian
impact by a metenrite 2X as massive.

We will now attempt to define the relative Martian,
terrestrial, and lunar cratering rates (i.c.. k values) by
normalizing to the Moon because the best crater statistics
and related age data are lunar. Determination of k re-
quires determination of the space density or meteoroids
at the planetary orbit, determination of gravitational
cross-section effects, and determination of impact velocity
effects. In the case of Earth and the Moon, the main dif-
ference in k is caused by gravitational cross-section dif-
ferences, as pointed out by Mutch (Ref. VIII-27), who
derives a terrestrial impact rate 2.15X as great as the
lunar rate for a given mass. Because terrestrial meteorites
strike at higher velocity, bodies only 0.6 X as massive are
required to cause a crater of the same size as a crater
formed on the Moon. Hence, because of the meteoritic
mass distribution law for cumulative number, N, and mass,
M, N « M-°°, this corresponds to an increase by 1.4 in
cratering rate, giving 1.4 X 2.15, i.e., a rate 3.0X higher
on Earth than on the Moon. However, this must be re-
duced by several factors, such as the focusing effect cf
the Earth on the front face of the Moon and the size-
dependent atmosphere breakup of weak meteoritic and
cometary material in Earth’s atniosphere. These factors
are discussed in more detail by Hartmaan in Ref. VIII-8.

¢ is thus concluded that the effective terrestrial crater
formation rate is about 2X higher than that on the Moon
for the crater sizes considered here (1 to 100 km).

"To determine the cratering rate ratio, k, for Mars, we
must first investigatr the :neteoritic environment at Mars.
Four sources of data serve to estimate the Martan
mereoritic environment: (1) The Mariner 4 dust detector
measured a micrometeorite flux (impacts m=? sec™) in-
creasing away from Earth to a value of 4.5X that at
Earth, measured at the perihelion of Mars. Beyond
perhelion, lower values were recorded, suggesting that
Mas efficiently sweeps up material in orbits overlapped
by its own, The mass distribution recorded for small
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particles near Mars orbit was similar to  that near
Earth (Ref VIH-2S) (2) Dveus (Rer. VII29) has re-
viewed meteorite distribution in the solar system and
concluded that the flux in undisturbed space ot Mars
averages 147 that at Earth’s orbit, and at th.¢ top of the
Martian atmosphere, 7> that at the top of Earth's
atmosphere. (3) Data of Anders and Amnold (Ref. VHI-5).
from a computer ealculation of asteroid histories, give
an asteroidal flux at Mars about 25X the meteorite
flux at Earth. (4) Data on known Mars-creusing asteroids
and their lifetimes have been utilized by the author.
along with data of Opik (Ref. VIII-30) and Dycus
{Ref. VIIT-29), to compute Martian environment fluxes
for the largest impacting bodies. All these data taken
together are relatively consistent in agreeing on the fol-
lowing statement: The particles in Mars™ orbit have the
same mass distribution as that measured near Earth and
the Moon, but have about one order of magnitude higher
number density. with an uncertainty of about a factor
of 3. Because these particles impact Mars at 10/14 the
speed that applied to impacts on the Muoon. particles
196X Iarger are needed to form a crater of given size;
hence, the cratering rate is diminished by 1.96-°, or 0.62.
Hence, the Martian cratering rate is 6.2X the lunar rate.

The uncertainty of a factor of 3 in Martian flux im-
mediately indicates that our absolute dates will have an
uncertaincy at least this large. However, our current total
ignorance of absolute Martian chronology makes the
ability to discriminate even 107 and 10° vear old surfaces
useful.

In order to plot the desired diagram of adjusted crater
density, D/K versus age, it is necessary to summarize
available data on dated cratered surfaces in the solar
system. Lunar data through Apollo 135, inchuding Lvna 16,
have been analyzed in detail by Hartmann (Ref. VIII-31).
Astroblemes on he Canadian Shield, which has an ex-
posure age of about 1.3 acons and is younger than the
lunar surface, weve analyzed by Hartmann (Ref. VIII-32)
and Baldwin (Ref. VIII-33). Fifteen astroblemes larger
than D = 8 km were cataloged in an area of 3.7 X 10° km?,
In order to cxtend our time scale, it is desirable to find a
considerably younger area that is cratered and well
studied; for this reason, certain castern states in the
United States, covered with Paleozoic and Cenozoic
sediments of exposure age about 0.3 aeon, were studied.
This updates an early analysis by Shoemaker et al. (Ref.
VIII-34). Ten astroblemes or crypto-volcanic structures
of D > 4 km were cataloged in a ten-state area of 1.72 X
10* km?®.
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In the lunar arcas cited, the diameter distribution of
craters, and hence the crater density F. is weil defined.
and most ot the relevant crater counts have been pub-
lished. However, in the Canadian Shicld and eastern
United States, crosion effeets are important, and a detailed
discussion is in order.

Diameter distributions of craters in Canada and in the
castern United States are plotted in Fig. VIII-7. The dis-
tributions probabiyv do not follow the normal —2 power
Jaw by craters on well preserved surfaces. as expected
in view of the active erosion in the regicns considered.
The cffective exposure ages of the two areas are esti-
mated to be 1.1 and 0.3 aeons, respectively. In order
to measure the crater density in these eroded terrestrial
provinces, from the scanty statistical sample, we assume
the basic premises of Hartmann (Ref. VIII-20), to which
the reader is referred. The result of that discussion is
that. at sufficiently large diameter. the original —2 power
law will be followed, whereas below a certain diameter,
crosion will have affected ihe distribution, and a more
gentle /less 1 »gative) slope or a turnover will be observed.
Under certain idealized circumstances of extended ob-
literation by deposition, a — 1 power law is expected, but
a sharp episode of deposition would produce a sharp
cutoff. According to the 1971 discussion (Fig. VIII-2),
the smallest diameter crater retained since province for-
mation in the Canadian province (1.1 aeon) is about
128 km ang in the U.S. province (0.3 aeon) is about 32 km.
Theretore, in order to deduce the cruter density from
Fig. VII1-7, we have several useful boundary conditions:

(1) Slopes of about —2 are expected above the Giam-
cters mentioned.

(2) Immediately below the diameters mentioned, a
more gentle slope is expected.

{3) Numbers of astroblemes known in the literature
are sufficiently large to give some confidence that
the intercepts (vertical positions) of these curves
can be located in Fig. VIII.1.

(4) Crater density (intercept) in the Canadian Shield
should be higher by a factor of 3.7 than that in the
eastern United States because of its greater ex-

posure age.

Figure VIil-7 includes dashed curves that show the
interpreted North American crater d:nsities based on
the above considerations. The simiiarity of the data in
the segments with —1 slopes indicates similar oblitera-
tion rates, i.e., similar extended erosion effects, in the
Canadian and U.S. provinces.
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Fig. VIIi-7. Attempts to derive crater densities on the Canadia
Shield and in the eastern United States. Intervals containing no
craters are shown by downward pointing arrows at the bottom.
The dashed lines are fitted to the data foliowing theoretical
boundary conditions (described in text).

In order to compare crater densities on different plan-
etary surfaces, we must now adopt a convention for ex-
pressing crater density. This could be done, for example.
by using the cumulative number of craters/km? larger
than a certain size; for example, 64 km or 1 km. But a

difficulty arises because, at 1 k. erosive effects are large
on Farth, and confusion with secondary craters and en-
dogenic craters exists on the Moon. If we adopt a diwn-
cter cutoff as large as 64 km. which would avoid the
terrestrial erosion problem. we are limited to large areas
with consequent low resolution of specific dated geologic
provinces. Clearly. some intermediate diameter is opti-
mum and some extrapolation and interpretation of crater
curves will be necessarv. as was exemplified by the
extreme case of interpretation required in Fig, VIIT-1.
I have previously adopted a convention that scems to
remain useful here. Inctead of defining crater density in
terms of actual cumulative numbers per kilometer at
certain diameter cutoff. a relative erater density scale is
used, the average overall frontside lunar maria defined
as unity. as *his provides the best combination of crater
statistics and age determination of anv solar system sur-
face. The maria present. incidentally, a cumulative crater
density of F = 2.0 X 10-* craters larger than 4 km/km-.
Densities on other stratigraphic uniis are determined by
comparing the entire diameter distribution. with em-
phasis given to the ¢ameter range from 2 to 64 km
(where statistics are good), with no weight given to diam-
eter ranges where the slope sericusly departs from values
between —1.8 and —2.2 (a departure in all cases so far
studied believed to result from erosion processes).

Table VIII-2 shows the data we have assembled and
allows a plot correlating ages and crater densities on
various planets. Figure VIII-8 shows this plot. The
dashed line in Fig. VIII-8 shows that the data for the

Table Vill-2. Crater data for dated* surfaces

Crater density, D, \m:hc‘able Adjusted
Surface Age, aeons relative to lunar re atn'le crater density,
material c::ttznzg D/k

Moon, Uplands 44?7 >32 (saturated) 1 32
Phobos, Deimos 4.2? >32 (saturated) 6 54
Apennine Front 4.1 29 1 29
Fra Mauro 39 25 1 15
Mare Tranquillitatis 36 16 1 1.6
Mare Fecunditatis 345 0.6 1 0.8
Palus Putredinis 3.3 0.35 1 0.35
Occanus Procellarum 3.2 0.75 1 0.75
Canadian Shield 1.3 0.87 2 033
Eastern U. §, 03 013 2 0.085

For saturated surfaces such as the lunar *.olands, Phobos, and Deimos, there are no radioisotopic dJates, but the saturation with

craters and independent calculations of cratesing rates during early accretion history suggest ages near that of the solar system.
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Fig. VIII-8, Synthesis of solar system data on age of cratered
dated surfaces on Earth and the Moon. P/D marks assumed
age and measured crater density on Phobos and Deimos. Age
is plotted versus ‘“‘adjusted crater density” as defined in text.
Dashed line shows a fit assuming constant crateriig rate;
before 3 aeons, the cratering rate was much higher, Estimated
ages of Martian surfaces are read as discussed in text.

last 3 acons are compatiole with a constant cratering
rate, within a factor of 2; but before 3 acons ago, the
cratering rate was much higher. This result has been
found previously by Opik (Ref. VIII-9), Hartmann (Refs.
VIII-19 and VIIE-32), and Baldwin (Ref. VIII-33). The
constancy of the cratering rate in the last 3 aeons gives
added confidence that we can date young Martian fea-
tures, such as Nix Olympica, by direct scaling to known
cratering rates measured on Earth and the Moon, without
much concern {or our assumption that the time behavior
of change in cratering rate was the same for Mars, Earth,
and Moon.

G. Absolute Dating: Analysis of Erosion History

Figure VIII-9 shows an application of cratering theory
to the raw data used in Fig. VIII-6. Sevcral theoretical
curves are given to indicate the predicted crater diameter
distribution at various times in: the past, under conditions
hypothesized for Mars. These theoretical curves, to be
discussed below, are based on the crater obliteration
theory developed in various forms independently by
Opik (Ref. VIII-9), Harumann (Refs. VIII-8 and VIII-20),
and Chapman et al. (Ref, VIII-11). The specific theory
applied here was first developed in essentially the pres-
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ent form in an unpublished thesis by Chapman (Ret.

VIE-35.

The theoretical curves in Fig, VIIT-9 are developed as
follows: Fiom the previous paragraphs. we Lave a best
estimate of the crater formation rate on Mars at present.
This is 6.2X the lunar rate. or 3.34 (10 ") craters larger
than 4 km/km-/acon. Thus, curves AA” and BB’ in Fig.
VIII-9 can obviously be constructed to represent the num-
bers of craters formed in 10° vears and 10° vears. respec-
tively. at the present cratering rate. The number of cra-
ters formed in 4 X 10" vears (CC’) iy not so easily plotted.
however, as the early cratering rate is believed to have
been nonuniform. Curve CC’, therefore. is based on the
data in Fig. VIII-8 and lies at 9X curve BB’ (== 4X curve
BB’). Curves AN, BB, and CC’ ali refiect cratering
with no erosion whatsoever.

Curve EE’ represents the steady state of craters under
a constant rate of deposition, about 10-* cm/yr in crater
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PAARTIAN CRATERS
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Fig. VIli-S. Raw crater counts for heavily cratered and sparsely
cratered provinces on Mars (compare averaged results in Fig.
VII-8), with theoretical isochrons as derived in text, Solid lines
marked 107, 10, 10°, and 4 X 101 years show crater densities
expacted with nn erasion for surfaces of the indicated ages. The
line EE’ is 8 theoretical result bassd on erosion and deposition
at a constant rate (see text).
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floors. This deposition can be viewed as principally due
to windblown dust. as discursed by Hauliwonn in Ref.
VI-20. or as a cumulative effect of various other crosion
processes of constant effect averazed over long periods.
{Deposition at other constant rates would have the same
slopes. but different vertical intercepts. Deposition at non-
constant rates would have different slopes. Sudden cat-
astrophic  deposition. ¢.g.. by lava inundation, would
produce a near-vertical cutoff in craters. See works cited
above.)

If the heavily cratered regions filled curve CXE’, the
interpretation would be that these regions formed 4 acons
ago, have been cratered continually since, and have ex-
perienced a constant crosion and deposition rate with
10-* em/yr accumulating in crater floors. However, the
heavily cratered regions do not fit the scgment XE’, but
rather have the additional complexity of bending nearly
along XYB’. The scgment YB’ falls on the curve of a
surface cratered with no crosion for about the last aeon.
It is concluded that:

(1) The oldest parts of Mars reveal a history that be-
gins just after the accretion phase ceased.

(2) The original accreted surface was largely destroyed
by early intense erosion (effects of an early dense
atmosphere?), accounting for the fact that the sur-
face is not now saturated.

(3) A long period ensued in which erosion occurred at
a relaiively constant, intermediate rate. (Episodic
“fine structure” in this crosion cannot be excluded.)

(4) During roughly the last aeon, the erosion and
deposition rate has been so much reduced from its
former value that most kilometer-scale craters this
young show negligible erosion effects.

In Ref. VIII-20, the bowl-like morphology of kilometer-
scale craters, noted by Murray et al. (Ref. VIII-18), was
treated as an unsolved puzzle. This is now accounted
for by the lack of recent erosion. Indeed, it is now clear
that the sharp, bowl-like morphology and the complete
preservation of these craters reflected in the diameter
distribution strongly necessitate the conclusion that cro-
sion on Mars recently has been much reduced from its
former values.

Figures VIII-10 and VIII-11 present the detailed
curve fitting, based on the idealized, simple theory pre-
sented above, for the raw data applying to the heavily
and sparsely cratered regions, respectively. The theoret-
ical curve fitted to the heavily cratered provinces (Fig.
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Fig. VIII-10. Crater diameter distribution in heavily cratered
regions fitted to two isochrons (3.5 and 0.6 aeons) and show-
ing a flattened segment characteristic of deposition before 6
aeons ago.

VIII-10) would fit a 3.5-aeon-old region in which deposi-
tion in craters occurred at a rate of 10~ cm/yr until
0.6 aeon ago. The fitted curve assumes that erosion was
negligible for the last 0.6 aeon. The curve fitted to the
sparsely cratered region describes an area that formed
(by volcanic inundation?) 0.3 aeon ago. A marginal
“kink” in the curve between 2 and 4 km suggests some
erosion (perhaps the end of the erosion indicated by
Fig. VIII-10?) reduced to a negligible value by 0.25
aeon ago.

Figures VIII-10 and VIII-11 contain data summarizing
the two dissimilar hemispheres of Mars. Their analysis,
in the preceding paragraph, is believed to indicate in
first-order terms the erosional history of Mars. In detail,
the history may be more complex. The essence of the con-
clusion supports an inference by Binder and Cruikshank
(Ref. VIII-36) that a much more extensive atmosphere
was required in thc past to create the limonite, or
oxidized basalt, coloring Mars, and at the same time
sheds light on the existence of arroyo-like channels. The
implication is that a denser atmosphere and greater
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Fig. Vill-11. Crater diameter distribution in the sparsely cra-
tared, volcanic regions fitted to isochrons from Fig. Viil-9. The
flattened segment between 3 and 2.5 x 10° years is of marginal
significance, but serves to illustrate resolution in time scale.

humidity applied before 600 million years ago on Mars,
and that only the yolcanic provinces, such as Tharsis,
exhibit surfaces contemporancous with the post-Cambrian
stratigraphic column on Earth.

H. Absolute Dating: Martian Shield Volcanoes

Figures VIII-12 through VIII-15 show attempts at
detailed analysis of specific Martian features, namely
four of the widely publicized volcanoes with summit
calderas. These were chusen as probable representatives
of the youngest constructional geologic features, whose
dating would indicate the most recent volcanic activity
of major extent on Mars.

The principal problem here is the abundance of vol-
canic pit and chain craters that lie on the flanks of the
large volcanoes. By counting all discernible craters (as
has been done in the preceding paragraphs, with the
exception of the large obvious calderas such as Nix
Olympica), one would count many endogenic craters
along with impacts and determine only an upper limit
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Fig. VIII-12, Crater diameter distribution observed on slopes of
Nix Olympica volcano with that from lunar maria for compari-
son, Craters larger than 8 km in diameter are primarily calderas
near the summit, Solid line is an isochron corresponding to
primary impact cratering for 1.3 X 105 years.

on age. In the case of Nix Olympica (Fig. VIII-12),
clearcut calderas of D > 16 km cluster near the summit,
but the craters of D < 2 km on the slopes define a fairly
clear curve with slope equal to that expected for the
impacts. Thus, the low-diameter end is used to fit an
isochron as shown in Fig. VII1.9, and this curve is found
to correspond to an age about 1 X 10® years. A different
technique is used for the volcanoes near Nodus Gordii
(Fig. VIII-13) and Ascraeus Lacus (Fig. VIII-14). All
craters were counted, but then suspected impacts were
separated out by rim and interior morphology and
plotted with a d:fferent symbol. The isochrons fitted were
weighted toward the data for impacts only. In Fig.
VIII-14, the additional measure was taken of counting
craters on the floor of the plain immediately in contact
with the base of the Ascracus Luacus shield. It was found
that the sum of all craters outnumbers the craters on the
plain, indicating once again that the shield has an
admixture of endogenic craters, since the shield is as-
sumed to Lave a constructional surface younger than the
plain. The counts of probable impacts fit fairly well with
the counts of craters on the plain, which is believed to
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Fig. VII-13. Crater diameter distribution for Nodus Gordii
voicano, with comparison to lunar maria. Solid line is an
isochron fitted to probable impact craters only and indicates pri-
mary impact cratering for 2 x 10¢ years.

be relatively free of endogenic craters. For Pavonis Lacus
(Fig. VIII-15) the craters counted were, on most of the
pictures, not readily distinguishable into impact and non-
impact craters, but it was believed, on the basis of fault
patterns, that some of the smaller craters may associate
with chains and clusters of endogenic craters. Thus, the
drawn isochron is weighted toward the less abundant
larger craters (D > 2 km).

An upper limit of age can be based on isochrons
drawn through the data for all craters, although it is
believed that the isochrors in Figures VIII-12 through
VIII-15 are closer to the actual caldera ages. It is con-
cluded in this way that all four of the well known
volcanoes have surfaces that forined less than 500 million
years ago. Within the vacertainty of the method, they all
appear to have {ormed about 100 million years ago.

I. Absolute Dating: South Pole

It is evident from Mariner 9 pictures that, in the
extreme polar zones, craters have been obliterated and
replaced by topography composed of numerous stratified

118

]0-2 YITT'I‘T"ﬁ]T"l
\ ASCRAEUS LACUS (NORTH SPOT)

Y OSHIELD SLOPES (ALL CRATERS)

\ < SHIELD SLOPES (IMPACT ONLY?)

', & SURROUNDING PLAIN
'  (ALL CRATERS)

i
N

INCREMENTAL NUMBER OF CRATERS /l<m.'2
=
T

-
o
1
(24

DIAMETER, km

Fig. Vill-14. Crater diameter distribution on Ascraeus Lacus
volcano with comparison to lunar maria. Solia line is an
isochron fitted to probable imgact craters and indicates pri-
mary impact cratering for 1 x 10° years. Solid data points = 6
or mare craters/diameter increment in each picture studied;
open circles, less than 6.

layers. Original relief must have beca destroyed, as there
is no mechanism to prevent craters from forming at the
poles. The fall-off in crater density is particularly sharp
between 80° and 81°S latitude.

Mariner 6 and 7 results indicated a lower crater density
near the south pole than elsewhere (Ref. VIII-20), but
it remains of interest to estimate the age of the youngest
regions as an indication of the youth of recent erosion
and deposition processes on Mars. The following para-
graphs present a preliminary analysis of the extreme
south polar region south of 81°¢ latitude, based on the
data in Fig. VIII-16.

Because of the sparseness of cratering and the small
size of the r-gion considered, the statistics on craters
are scanty, the few large craters present (D > 8 km)
have been recorded on the USGS airbrush south polar
map; in addition, counts have been made on several
wide- and narrow-angle pictures of Mariner 9 and two
Mariner 7 pictures. In view of the paucity of craters, it
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Fig. YIlI-15. Diameter distribution of craters on Pavonis Lacus
voicane. Solid line is an isochron indicating primary impact
cratering for 8 X 107 years.

was believed helpful to indicate diameter increments on
Fig. VIII-16 where no craters were counted on some
pictures. These instances are represented as Z points
and are plotted in Fig. VIII-16 at a vertical position
corresponding to one-half crater. This w~s done up ‘o 2
dianseter increments beyond the largest observed crater
in a given picture 2n? in “cmpy  diameter increments
bracketed by increments with craters. Only one picture
in this region yielded as many as six craters in a single
diameter interval. The counts at D > 1 km are regarded
as defining the upper limit of impact crater density in
the polar zone, since I attempted to include all nossible
craters, ircluding degraded examples, except for irre-
gular depressions in the “pitted terrain” (deflation
basins?). However, for D < 1 km, it is conceivable that
incompleteness is more important than in Figs. VIII-12
through VIII-15, as the polar pictures were taken at
ranges usually exceeding 3000 km, while the volcanoes
were photographed frequently from less than 2000 km.

As seen in Fig. VIII.16, the data points from the

sparsely cratered pole cluster around the isochron for
about 1 X 10° years. However, it can be seen that the
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Fig. VIII-16. Diameter distribution of craters through extreme
south polar region (south of —~81°). Isochrons of 107 and 10*
years are indicated, but these have steeper slopes than the
dashed line which is fitted to the observed data. The data are
interpreted to indicate deposition at a declining rate; 1-km
craters in the south polar zone appear to be less than 105 years
old. “Z” indicates diameter increments with no craters counted
on each picture studied (see text for method of plotting).

dashed line, of slope —1.8, is a better fit than the
isochron of --2 slope A curve of —1.6 slope does not
fit the model of obliteration by deposition at a constant
rate (slope —1), which has been referred to and applied
above (e.g., Figs. VIII-9 and VIII-10). However, as
pointed out by Chapinan (Ref. VIII-35), a cu.ve of slope
intermediate between —2 and —1 fits a situation with
erosion/deposition declining at a constant rate. As it
does not appear that incompleteness in counts of small
craters can be sufficient to create the obscrved shallow
slope, it is concluded that the slope is closer to —1.6
than to 2.

Considering the previous data on other regions of
Mars, the most straightforward interpretation of the
polar data is that erosion and/or _eposition rates were
much greater in the past at the pole and in other parts
of Mars than they are now. While these processes ter-
minated or declined abruptly in other parts of Mars
about 6 X 10* years ago, they declined more slowly in
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the polar zone. Deposition in stratified lavers, possibly
by trapping of dust in seasonal and perihiclic dust storm
eveles, continues at a decreasing rate today, and this
rate is highe: near the poles than on the voleanic shields
studied here. Crater retention ages (lifetimes) at the south
pole may be approximately 3> 107 years for 32-km
craters, and only 6 > 107 years for 1-kin craters.

J. Summary and Conclusions

Early analyses of cratering and other Martian surface
properties that indicated extensive ancient erosion have
been strongly supported by Mariner § data. Positive
cvidence of erosive loss of Martian craters comes from
the much greater abundance of kilometer-scale craters
on Phobos and Deimos than on the Martian surface
(Fig. VUI-8). Craters of various classes of complexity
are found on Mars as well as on Earth and the Moon.
By their great variations in density, these craters indicate
a history of Martian erosion and crustal development
intermediate between Earth and the Moon. Approxi-
mately one hemisphere of Mars reveals an  ancient
cratered surface with craters in varying states -f fresh-
ness. The diameter distribution does not match the initial
production curve, but approvimates that predicted by
an idealized model of obliteration through deposition
of material in craters at a constant rate. In both hemis-
pheres, however, the small craters are sharp, bowl.
shaped, and match the shape of the initial production
curve. This indicates strongly that, in the recent past, the
crosion and deposition declined markedly, so thay recent
craters have been preserved in nearly their original form,

The volcanic region around Tharsis was fractured and
resurfaced by lava flows near the time . or more
recently than, the termination of the erosion. Craters in
this region are generally well preserved, and the shield
volcanoes near Nix Olympica, Nodus Gordii, Ascraeus
Lacus, and Pavonis Lacus are among the youngest, large-
scale constructional features. The sparsely cratered area
within 9° of the south pole has an age similar to that of
the shield volcanoes.
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I have attempted to go beyond the relative chronolegy
to establish absolute dates for some of the events mien-
tioned. The major source of uncertainty is in the rate of
impacts on Mars, resulting in an uncertainty of at least
a factor of 3. Within these limits, it is believed that the
oldest surfaces, such as that ncar Deucalionis Regio dis-
play craters dating back 3 to 4 acons ago (Fie. VIII-10).
but not back to planct formation, since the region i not
saturated with large craters as is the lunar terrac. From
that time nntil about 6 X 10 vears ago. crosion and
deposition were much more estensive than they are now,
and an efiective deposition rate in craters is estimated at
10 em/yr applied during much of this period. It is
suin sed that much dust accumulated during this period
in the now near-featw closs basins of Hellas and Argyre.
About 6 X 10 vears ago, the crosion rate declined quite
rapidly in most regions, but perhaps less rapidly in the
polar regions (Fig. VIII-16). The sparsely cratered
regions around Tharsis were resurfaced about 3 > 108
vears ago by volcanic activity (Fig. VIII-11), which pro-
duced the four major shicld volcanoes about 1 X 100
years ago (Figs. VIII-12 through VIII-15). Deposition
declired more slowly at the poles, adding to the stratified
deposits and causing the diameter distribution to have a
diagnostic intermediate slope. Lifetimes of kilometer-
scale craters near the pole may be as low as 6 X 107
vears.

There is no strong evidence in the cratering data for
episodic erosive events, Catastrophic episodes of erosion
can be ruled out, since they would produce characteristic
downward bends (positive slopes) or sharp cutoffs in the
diameter distribution, and these are not chserved. Minor
crosion episodes such as discussed by McGill and Wise
(Ref. VHI-21), possibly even associated with fluvial
activity in the sinunus channels, are not precluded, as
some channels appear to cut sparsely cratered areas.
However, it is suggesied that this activity may be 2
remnant of even more extensive erosion activity in the
middle periods of Martian history. The cause and chro-
nology of fluvial activity remains perhaps the most im-
portant problem in the Martian studies.
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Note Added in Proof

Ongoing rescarch and several correspoundents have illuminated certain arcas of
this initial analysis of Mariner 9 cratering data. The most important area relates
to the rate of crater formation on Mars. George Wetherill has pointed out to the
author that available Mars-crossing asteroids are poor indicators of the present
cratering rate because of the unlikelihood of their actually hitting Mars. Several
workers are now assessing new mechanisms for bringing asteroidal fragments into
orbits for potential Mars-collision, but no definite estimates of flux rate have yet
come from this work. Verne Oberbeck points out that gravitational field differ-
ences between Earth, Mars, and the Moon affect crater sizes, introlucing an
additional small correction to the cratering rate estimated herc. The result s
that while the relative ages quoted here for Martian provinces and structure
are believed to be correct, work now in progress may soon make it possible to
improve the estimates of absolute age. There is some suggestion that absolute
ages of young features such as the large volcanoes could increasc by a factor of 2
or 3. The writer hopes to pursue these problems as new data emerge. He also
thanks George McGill for additional comments which have resulted in a number
of improvements to the manuscript.
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IX. The Latitudinal Distribution of a Debris Mantle on
the Martian Surface’

L. A. Soderblom, T. .. Kreidler, and Harold Masursky
U. S. Geological Survey, Flagstaff, Arizona 86001

The evidence of processes that erode and rediszribute
massive amounts of material on Mars has been well doru-
mented by piciures from Mariners 4, 6, 7, and 3. Chaatic
terrain, first recognized in Mariner 6 pictures by Sharp
et al. (Ref. IX-1), has been shown by Mariner 9 to occupy
a significant fraction of the central and north-central
parts of the planet (Ref. IX-2; also see Sectior VI of this
Report). Murray et al. (Ref. IX-3) noted the great “hori-
zontal redistribution of material” implied by the severe
degradation of the large flat-floored craters. McCauley
(Ref. IX4: also see Section X of this Report), Cutts and
Smith (Ref. IX-5; see Section XI of this Report), Cutts
(Ref. IX-6; see Section XV of this Report), and Sagan (Ref.
IX-7; sce Section XII of this Report) describe abundant
evidence in the Mariner 9 photography for eolian ero-
sional and depositional forms which are found from the
poles to the equator. Milton (Ref. 1X-8; also see Section
IIT of this Report) discusses mammoth Martian channels
down which great volumes of material were transported,
presumably by water. Mariner 7 pictures of the south
polar region discussed by Sharp et al. (Ref. IX-9) first
showed a complex set of irregularly shaped, depressed
areas near 70°S latitude. Mariner 9 pictures have shown
that these areas are the erosional remnants of a number
of sedimentary blankets that have been deposited on
older terrains at both poles (Refs. IX-10 and IX-1?; also

1Publication authorized by the Director, U.S, Geological Survey.
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see Section NIV of this Report). These sediments are
currently being eroded as indicated by craters on sub-
jacent terrains which are partiaily exposed along scarps.
Thvs, a variety of major erosional and depositional
processes have been operative on Mars throughout the
geologic past. This section presents results of a planet-wide
survey of Mariner 9 high-resolution pictures designed to
determine the present distribution of erosional debris.
The resvlts indicate that deposition and erosion of the
debris mantles at a given locale occurred in several stages.
The present distribution of debris strongly cormrelates
with latitude, being symmetrically disposed about both
polar regions. The results provide some insight as to the
sources and the nature of the processcs involved in the
deposition and erosion of these mantling deposits.

A. Observations

The existence of mantling debris blankets was first
recognized in photography of the polar regions. Sur-
rounding the sedimentary deposits in both polar regions,
small craters (1 to 5 km), formed on older cratered
terrain and plains, display a peculiar morphology (Refs.
IX-10 and IX-11; also see Section XIV of this Report).
Sharp crater rims are visible, but the cr2ter floors appear
elevated as if the interiors had been partly filled. Often
the fill reaches the rim of the crater so that the crater



resembles a circular. raised pedestal with a nearlv flat
top. Based on these observations a survey of 1300
Mariner 9 nantow-angle frames was made to ectablish
the planct-wide  distribution and  variation of these
blankets. During the search the following definitions of
mantled terrain and unmantied terrain were established.
Mantled terrain is  characterized by the presence of
small. sharp-rimmed craters (1 to 10 km in diameter)
which have elevated floors. On unmantlad terrain, the
small craters have a fresh, bowlshaped  appearance.
Figures IN-1 through IX-3 show examples of mantled and
unmantled terrain at southern, equatorial, and northem
latitudes. In the latitude zone between 40°N and the
south pole. the study wis conducted with narrow-angic
pictures acquired during the standard mission after the
dust storm had subsided {revolutions 100-262). The polar
hood was present during that period north of 40°N lati-
tude. For Ititudes north of 40°N. narcow-angle pictures
acquired during the extended mission {revolutions 416-
529) were used. By that time the north polar hood had
dissipated.

An obvious question arises as to whether variations in
viewing conditions, slant range, transparency of the
atmosphere, or low-lving hazes and fogs might have
affected the appearance of the small craters. Figure IN-3a
shows a northern mantled terrain in which hoth a sharp,
fresh, unmantled crater and several sharp-rimmed craters
with Giicd interier, (i be seen. Based on pictures like
these, the morpbol-gical differences are evidently real
and are not created by poor atmospheric visibility,
ground hazes, poor resolution, or illumination conditions.

Figure IX4 is an example of the data acquired for one
complete quadrangle in the survey. The distribution of
mantled versus unmantled terrain is shown on the basis
of examination of each narrow-angle picture within the
quadrangle. The central part of the sample quadrangle
shows a wide zone from about 40°S to 50°S latitude in
which most (~two-thirds) of the identifications are un-
certain. For all but about une-fourth of the frames above
and below this band, certain identification of the presence
or absence of the mapped unit can be made. The un-
certainty between 40°S and 50~S probably arises from
gradual thinning of the mantle northward. Figure 1X5
shows a planet-wide map of the mantling deposits. Be-
cause of the uncertainties just mentioned, the boundaries
are gradational and their positions uncertain by several
degrees.

Several important observations can be made from
Fig. IX-5. First, the mantles are symmetrically dis.

12¢

posed about the north a.:d south polar regions, extending
toward the cquator to about 30 or 407 north and south
latitudes. Second. the mantle is not correlated with any
specific regional geologic terrain type (Ret. IN-12: alvo
see Section 11 of this Report) and gencrally lies outside
the area of carly reconnaissance deseribed by McCauley
et al. in Ref. IX-13. All varictics of Martian terrain,

x -
] a .

Fig. 1X-1. Mantied terrains in the Martian southem hemisphera.
These Mariner 9 narrow-angie pictures cover areas 80 km (1a)
and 60 km (1b) wide at Sun elevation angles of 21* and 45°,
respectively. Locations are annotated in Fig. IX.5. (1a) MTVS
4157:17, DAS 06245343, (1b) MTVS 4202-15, DAS 07721003,
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excluding the highly localized, large voleanic construets,
can be found both mantled and unmantled. Henee, the
Jdobriy mantle s one of the most recent material units

in the Martian geologic sequence.

B. Cumparison With Other Data

Studics of the pepulations of small craters display
similar latitudinal correlations which can be understood
in light of the mantles discussed here. The density of
craters in the size range of 600 to 1200 m falls off sharply

Fig. 1X-2, Unmantled terrzins in the Martian equatorial zone.
These are wide-angle pictures covering areas about 45 km wide
under solar elevation angles of about 40°. Locations are shown
in Fig. IX-5, (2a) MTVS 4287-12, DAS 11443370. (2h) MT''S
4163-68, DAS 64622613,
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anay from the equator in crossing the southern mantled-
anmantled boundary shown in Fig, IN-5 iRef. IN-140.
1t was alse noticed in that study that larger crateis (4 to
10 km in diameter) and central peaks both graduaiiy
disappear southward of 30 § and are almost absent south
of 60-S. “"hiv suggests that the nmuantles gradually thin
out cquatyrward between 60°S and 30°S. The mantle
depch apyparently varies from the order of 100 mto 1 k.
Figures IN-1 and IX-3 show that this depth may be
highly variable locally. being decper in natural traps
such as small steep-walled craters.

Fig. IX-3. Mantled terrains in the northern hemisphcre. These
frames cover areas about 170 km wide with 30* solar elevation
angies. Locations are shown in Fig. IX-5. (32) MTVS 42924,
DAS 11482194, (3b) MTVS 4289-111, DAS 11836026.
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Fig. 1X-4. |dentification of mantied and unmantied terrains in single narrow-angle pictures. This quadrangle is an
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40°S and 50°S is indicative of the irregular nature of the mantle as it thins northward.
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Fig. IX-5, Planet-wide distribution of mantied and unmantied terrains. Data such as shown in Fig. IX-4 have been gencralized in the
map shown here. The boundaries between mantied and unmantied areas are uncertain by about +5°.

C. Discussion of Sources and Processes

As the mantling debris uait is symmetrically distrib-
uted around both poles and because these mantles
apparently thin out toward the cquator, the scurce areas
for these debris blankets probably are within the polar
regions. Two types of depositional or sedimentary de-
posits are found in both polar regions (Refs. 1X-10 and
IX-11; also see Section XIV of this Report). These
include: (1) near polar layered deposits on which the
permanent ice caps have formed, and (2) older smooth
plains in which numerous pits and hollows have been
eroded. Figures IX-6a and IX-8b are wide-angle pictures
that show the croded appearance of the two deposits
near the south pole. Erosion of the deposits has partly
exposed the underlying cratered terrains, a process
thought to be continuing.

These complex polar terrains are substantially different
in age, and separated by erosional unconformities. (Refs.
IX-10 and IX-11; also see Section XIV of this Report).
Thus, multiple stages are implied in the redistribution of
material on Mars. Materials must have been transported
to, deposited in, and eroded from the polar regions in
several cycles. Figures IX-la, IX-1b, IX-3a, and IX-3b
further support this concept of cycles of erosion and
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deposition. Craters with filled interiors appear as circular
bnites with floors above the fevel of the surrounding
ter1ain; in many cases no central depression is observable.
It is difficult to imagine a simple process that would fill
only the crater interiors. The entire region probably was
at one time mantled with a blanket of debris thick
cnough to bury the cratess entirely. Subsequently erosion
has removed most of the debris, leaving the materials
protected within crater interiors as relict outliers of the
formerly continuous blanket.

The materials of the polar sediments must have been
derived from elsewhere. Figure IX-6c shows an croded
terrain in thc unmantled equatorial zone which may
represent such a source. Cutts (Ref. IX-15; also see Sec-
tion XVII of this Report) presents a similar conclusion.
McCauley (Ref. 1X-4; sce Section X of this Report)
considers much of the equatorial region as a zone of
deflation and presents evidence for the lowering of many
less resistant plains surfaces by wind action. In contrast
to the polar units, which are sedimentary deposits, the
equatorial units being eroded are the ancient cratererd
terrains and less densely cratered plains. Thus, the con-
cept of multiple stages in material deposition and redis-
tribution even applies to the oldest Martian terrains.
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Fig. I1X-6. Possible source areas of mantiing debris on Mars.
(Top) Etch-pitted plains of the south polar region shown here
are being eroded along cliff-forming scarps. Area shown is
located near 70°S latitude, 0° iongitude, and covers an
area about 800 km wide. (MTVS 4188-6, DAS 07216758)
(Middle) Central polar layered deposits of the south polar
region shown here are being ercded, exposing the underlying
older cratered terrains. Area shown is about 800 km wide and
is focated near 75°S, 170°W. (MTVS 4222-9, DAS 08367844)
(Bottom) Erosional scarps along cratered plains in the equa-
torial region of Mars. These enormous erosional systems may
be the source areas for the polar deposits. Area shown is about
400 km wide, centered near 3°N latitude and 85° longitude,
(MTVS 4190-90, DAS 07327778)
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Because of the strong symmetry of the debris mantles
around the poles and the patterns of crosion observed
today in the polar regions, we suggest that eolian trans-
portation has been the cotive agent both in originally
depositing debris in the polar regions and in later trans-
porting it toward the cquator. A possible mechanism for
originally depositing materials in the polar regions is the
condensation of CO. ices on atmospheric dust particles
which are brought to the surface during the annual
periods of polar CO. frost deposition. During other
scasons the polar deposits are probably being erowed
by strong polar winds. Models of atmospheric circulation
(Ref. IX-16) show that the most violent Martian surface
winds occur aleng the periphery of the retreating CO,
frost cover. Although the model winds have highly vari-
able amplitude and direction, the net effect would be
to diffusec material and transport it cut of the polar
regions. A recent study by Cutts (Ref. 1X-6: also see
Section XV of this Report) shows that erosional features,
wind deposits, and scoured areas occur in radial patterns

consistent with the transport of material out of the polar
region.

D. Summary

A relatively voung mantling deposit of debris sur-
rounds both polar regions and extends toward the
cquator to lfatitudes 307 to 407 north and south. This
mantle apparently has been derived by wind crosion of
sedimentary deposits in the polar regions. a process that
is probably continuing now. The distribution of the
mautle is not correlated with any particular terrain type
for it has masked the small crater populations on young
and old terrains alike. The paucity of small fresh craters
at high Ilatitudes can be directly attributed to the
presence of this debris blanket. It is clear that extreme
care should be exercised in using the populations of
small craters to establish the chronology of the evolution
of geologic provinces on Mars.
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X. Mariner 9 Evidence for Wind Erosion in the Equatorial
and Mid-Latitude Regions of Mars'’

John F. McCauley
U.S. Geological Survey, Flagstaff, Arizona 86001

Mariner 9 revealed a wide variety of features that can
be attributed to wind activity. Sagan et al. (Ref. X-1) deal
with the problem of the light and dark markings which
are interpreted as surficial wind streaks consisting of
mobile sand. The role of the wind in producing lineations
and other landforms in the polar regions was described
by Cutts (Ref. X-2; sce Section XV of this Report) and
by Sharp (Ref. X-3; see Section VI of this Report). Depo-
sitional features produced by the wind, such as dunes,
are the subject of a companion paper by Cutts and Smith
(Ref. X-4; see Section XI of this Report).

Mariner 4 revealed that Martian craters are generally
softer and shallower appearing than those on the Moon.
These characteristics were ascribed with reservation by
Sharp (Ref. X-5) to wind activity. Mariners 6 and 7
showed that the floors of many craters and the large
circular depressions such as Hellas were the probable
sites of deposition of windblown material (Ref. X-6) and
that some of the dark markings might be caused by wind
scouring (Ref. X.7). Other wind-related landforms were
not identified from these early flyby missions primarily
because the resolution. of the pictures was too low and

1Publication authorized by the Director, U.S, Geological Survey.
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the coverage of the planet was too limited. Until Mariner 9
the true scope of eolian regime on Mars was r.ot known,
and it was by no means certain that the wind was a truly
significant surface-shaping process.

The main purpose of this section is to present the tele-
vision evidence for extensive wind erosion princinally in
the equatorial and mid-latitude regions of Mars (+65°
latitude), and to compare these presumed erosional fea-
tures with selected erosional landforms from the coastal
desert of Peru known to be of eolian origin. The evidence
for widespread erosion on Mars prompted an examina-
tion of certain aspects of its wind regime that are thought
to be significant geologically. The intent of this examina-
tion, given as a prelude to the pictorial data, is to assess
the vigor and overall surface sculpturing capability of
the Martian eolian regime.

A. The Martian Eotian Regime

The Mariner 9 television data have confirmed indi-
rectly, from the presence of a variety of wind-related
features, that:

(1) An adequate source of loose, sand-sized material
must be present over much of the surface.
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21 Winds of sufficient velocity must occur at Jeast
episodically in order to cause this sand to move by
saltation so that it can abrade the surfaces over
which it moves concomitant with attrition of the
sand grains themselves.

-3) Tine-grained materials produced by sandblasting
are exported in suspension from zones of active
crosion and trapped at least temporarily as ioess or
windblown dust deposits in the polar regions and
in local topographic depressions.

When considering the wind regime on Mars, one special
factor that should be emphasized is the element of time.
On Mars intense wind erosion may have been going on
without significant interruption for acons. On Earth the
effects of wind crosion are often masked or intimately
mived with the effects of nimning water because of dra-
matically varving climatic conditions that date from the
Pleistocene. Blackwelder (Ref. X-8) pointed out that al-
thouch some writers previously had overestimated the
effects of the wind in sculpturing the laudforms of the
southwestern United States. “it is difficult to avoid the
conclusion that in a completely rainless desert. wind
would be the only carving agency at work, and hence no
matter how much time might be required, it would
gradually whittle away the land surface.”

Many writers have pointed to the impact process as
the most copious probable source of fine fragmental ma-
terial on Mars. Early in its history, a regolith like that
on the Moon almost suiely developed with a similar size-
frequency distribution and percentage of glass and lithic
fragments (Ref. X-9). With the development of an atmo-
spherc and the onset of wind action, the initially high
percentage of impact-gencrated glass droplets and spheres
in the regolith should have diminished, and the percent-
age of more durable mineral and lithic fragments should
have increased as a result of selective attrition of the glass.
Thus., an adequate source of durable, w.nd-reworked,
and fractionated loose material derived originally from
an impact regolith surely must be present. Mariner 9 dis-
covered several uther possible sources of sand such as the
numerous fluvial channels described by Milton (Ref. X-10;
see Section III of this Report). The mass wasting of the
many unanticipated cliff faces as well as crater walls and
the perinafrost deterioration models proposed to account
for the chaotic terrain (Refs. X-6 and X-11; also see Sec-
tion VI of this Report) should also supply some fine frag-
mental debris. Extensive volcanic activity (Ref. X-12; see
Section IV of this Report) also might have provided
abundant volcaniclastic material, but flows are the only
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volcanice deposits identified so far; wsh deposits. possibly
because of their intrinsically nondistinetive surface tex-
tures. have not vet been identified.

Various aspects of the eolian regime on Mars have been
reviewed by BRyan (Ref. N-13) Sagan and Pollack (Ref
X140 and Arvidson (Refs. X-15 and X-16). but with
cmphasis on the problem of vellow clouds. Using methods
devised by Bagnoid (Ref. X-17). each has caleulated en-
trainment functions for diffcrent assumed conditions on
the planet. the entrainment function being the relation
between threshold drag velocity and particle size. For
saltation to begin. the threshoid drag velocity must be
exceeded. after which some lower velacity (the impact
velocity) is required to sustain movement within the
saltation curtain Calculated Martian entrainment func-
tions show that a wide range of .hreshold drag velocity
values exists for various latitudes and altitudes. All curves
are of the same general shape as that of Earth, indicating
that it is progressively more difficult to entrain particles
in both the coarser and finer size range. The minimum
required velocity for Mars appears to lie at about 200 pm
in contrast to about 100 ym for Earth (Fig. 9 of Ref. X-T:
also see Fig. XI-9 of this Report). The trough about the
minimum velocity is much sharper for Mars, suggesting
a more pronounced immunity from saltation transport in
those size ranges on either side of the minimum than is
the casc on Earth.

The many estimates given in the literature of the actual
wind velocities needed to initiate saltation should be con-
sidercd only as gvoss approximations because the bound-
ary laver and fine-scalc surface roughness conditions are
poorly understood. These estimates are significant here
only insofar as they are involved in this assessment of
the overall power or effectiveness of wind erosion pro-
cesses on Mars. Sagan and Pollack (Ref. X-14) estimate
that wind velocities in excess of 300 km/hr above the
boundary layer on Mars are required to initiate grain
movement for a surface pressure of 10 mb. Lateral ve-
locities of up to 100 km/hr have been reported from
telescopic observations of dust storms, and Mariner 9
television data indicate probable later2] movement of dust
storms or clouds of up to 200 km/hr. Gust velocities of
two or three times these transverse velocities then do not
seern unreasonable. Kuenan (Ref. X-18) has shown ex-
perimen;ally that eolian erosion on Earth is from 100 to
1000 times more effective than erosion taking place over
comparable distances within water, an effect that is in
part a direct function of the greater kinetic energies in-
volved in air transport. In comparing the energics involved
in terrestrial and Martian saltation transport, we can
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estimate from Sagan and Pollack (Ref. X-14) that the
threshold drag velocity required tor a 200-m grain might
e as mnch as 1O Gy greater on Mas, asoming the
particles 1o be o the same density wad shape. Saltating
arains on Mars should then have 10 times greater mo-
meentum and 100 tines more kinetic energy than saltating
particles on Earth,

Because most wind abrasion takes place primarily by
chippmg and spalling, the brittlenss of the saltating
tragments becomes a factor of importance in comparing
the two wind regimes. L also pointed out by Kuenan
(Fef. N-180 the loss of fragment mass as a result of
I ttleness is not proportional to impact momentum. but
increases at a high ratio of the increase in momenium.
This observation leads to the conclusion that the rate of
fragment attrition should be even faster on Mars than
on Earth because:

(1) Relatively Dbrittle mineral fragments such as feld-
spvars and pyroxenes derived from the impact
regolith are probably more numerous than on

Earth.

(2) The momentum of saltating grains is about 10
times greater.

3) The fluid density of the atmosphere of Mors s
about 10 - that of Earth.

The ihiid cushioning efiect of the atmesphere on Earth
is suffivient to produce a lower size limit of about 40
to 30 pni, below which sandblast action canaot occur.
Particles of this size and smaller are cushicned from one
another or diverted around obstacles without striking
them. Thus, their capability to cffect sandblasting is
uegligible. On Mars. atimospheric cushioning should be
almost nonexistent, and thus should permit particles in
the very small size ranges once in motion to act as
instruments of abrasion. The lower size cutoff for salta-
ticn and consequent sandblasting on Mars, combined
with the normally greater abundance of small particles
for any comminution regime, should together profoundly
influence Martian crosion rates.

Arvidson (Ref. X-16) has scaled the Bagnold relation
that predicts the rate of sediment movement as a func-
tion of fluid densities, drag velocitics, and the accelera-
tions of gravity and finds that, given suitably sized
material and sufficiently high wind velocities, the salta-
tion flux on Mars might be on the order of 20 times
greater than that on Earth. In addition, Ryan (Ref. X-13)
estimated that the bulk of the grains in saltation on
Mars might reach heights three to four times higher than
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on Earth <o that beveling and undercuttine of chifts o1
other prominences and the winnowing avway ot debns
at their base could be a more extensine and efficient
process than m terrestrial deserte, Al of  the above
considerations suguest collectively that wind e osion on
Mars is a far more mtense geolodgic process than on
Earth. and that it probably proceeds at substantially
taster rates than observed even in the most ar do wind-
swept terrestrial regions.

Little data are available on colian planation rates in
terrestrial deserts so that at is presently impossible to
caleulate meaningful rates for Mars. An attempt. which
omits many important geologic considerations. has been
riade by Sagan (Ref. X-19. also sce Sceetion XIT of this
Report). The rate at which primary landiorms are sub-
dued, material exported. and the original surface lowered
15 highly variable and depends on a complex interplay
of factors in addition to those discussed previously,
These other factors include: intermittent running
water, variatious in bedrock competence, various non-
colian cliff-sapping processes, taass wasting in concert
with colian undercutting.  chemical and  mechanical
weathering, the relative abundance of moving sand. and
diurnal and seasonul varfations in the wind regime. The
cffects of these factors vary from place to place within
any desert and from one desert to another so that the
influence of cach cannot be evaiuated even in a qualita-
tive sense. Nevertheless, wind is capable of removing
large volumes of material from deserts as well as flood
plains and glaciated regions to form loess blankets in
regions of calmer air. The most oxtensive of these are
in the Yellow River basin of central China, where they
cover tens of thousands of square kilometers and are
reported to be as much as 300 m thick. Similar eolian
deflation, transport, and deposition scem to have occurred
throughout much of the equatorial and mid-latitude
regions of Mars. The magnitude of this process appears
to be highly variable, probably for the same reasons as
on Earth.

Telescopic evidence has long attested to the capability
of the atmosphere to transport dust-size fragments; the
planet-wide dust storm that obscured the surface of
Mars for the first 50 days of the Mariner 9 mission was
dramatic confirmation that suspension transport is
operative. Arvidson (Ref. X-15) has shown that the
settling velocities for suspended particles are about the
same for Earth and Mars, so that fine material entrained
in the atmosphere can be transported over comparably
long distances. The early clearing of the dust storm of
1971 in the south polar region and the presence of




tayered deposits of probable colian origin in the north
and south polar regions suggest that much of the dust
derived trom the equatorial zone proforantially settles
and accunaulates at least temvorarily in these regions
(Ref. X-20: also see Section IX of this Report). The
separation of fragmental debris into deposits of fine-
grained dust (loess) and coarser sand  which remain
behind to produce further crosion s probablv a more
significant geologic process on Mar: than on Earth. If
suspension transport, coupled with an export and tem-
porary storage mechanism. were not operative, the entire
surface would become choked and mantled by wiad-
blown debris, and the process of wind erosion would
essentially ceasc.

B. Mariner 9 Television Evidence
for Wind Erosion

Wind erosion features on Mars are generally recogniz-
able onlv in the narrow-angle pictures and then with
difficults because cach picture covers such a small area,
thereby making it hard to establish the regional context
of individual features. On pictures of comparable resolu-
tion on Earth (200 to 300 m for the cmallest detectable
object), windforms would be difticult to detect. Many
of the narrow-angle pictures taken before about revolu-
tion 140 in the region from 65°S latitude up to about
the equator are cither featureless or streaked and hazv,
suggesting that blowing sand or suspended dust obscured
the surface. Evidonce for wind erosion is nevertheless
widespread, but only a very limited array of the more
illustrative examples can be shown here. A full classifi-
cation of the types of landforms produced by the wind
and the extent of eolian modification of the various
geologic units described by McCauley et al (Ref. X-11)
and Carr ct al. (Ref. X-21; also see Section TI of this
Report) will have to await more detailed studies.

Landforms produced by confined channel flowage are
generalty characterized by sinuous patterns su that the
pictorial signature of a water-croded surface is almost
unmistakable given sufficient photographic resolution.
In semi-arid to arid regions on Earth, the episodic effects
of running water in concert with mass wasting tend to
produce rugged landforms characterized by many slopes
near the angle of repose or steeper. In those few regions
on Earth where running water has played a suffcientiy
subordinant role, and where wind has been the dominant
agent ot erosion for a sufficient length of time, eolian
landforms are characterized by linear bedrock scouring,
cliff fluting, and, in advanced states of erosion, by pro-
nounced streamlining parallel to the direction of the
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prevailing winds Moving coarse to fine sand blankets,
containing ripples or dunes of varied form. often smooth
more vneged non-wind related Landforms rathier than
making them more rugged as is often erroncoushy
assumed.

Seven general categories of probable wird erosion
feature, are now recognized on Mars: (1) modified erater
rims, (2) drregular pits and hollows. 3V streamlined
ridges, (4) lincar grooves, (3) fluted cliffs, (6) reticulate
“idges, and (7) subdued and sand-mantied terrain None
of these landforms is primary in the sense that it s
crected solely by the wind. As with terrestrial colian
crosion features, they are modifications of earlier degosits
resulting from other processes.

Craters are the most ubiquitous single landform on
Mars and are generally more degraded than lunar craters
of comparable size. Most of these round. randomly dis-
tributed craters are believed to be of impact origin. so
that before modification they probably lovked much like
the freshest lunar craters such as Tycho or Aristarchus.
Only a few Martian craters really appear fresh such as
the one shown by Cutts ind Smith (Ref. X-4; also scee
Fig. XI-8a of this Report) and the 2-km crater near
37.0°N and 344.2°W (MTVS 4210-66. DAS 07975423):
which also exhibits a well prescrved rav system. Early in
Mars history, crater modification by ballistic crosion
accompanied by seismic shaking and local voleanic
blanketing must have occurred much like on the Moon.
Subsequent to the evolution of an atmosphere, wind be-
came an additional and important tactor in the crater
modification process, thereby accounting in part for the
distinctive appearance of most Martian craters.

At least three basic types of crater or crater rim modi
fication can be attributed to wind crosion. Figure X-la
shows a 20-km assumed impact crater near 38°N, 261°W,
with a sharp rim crest and a pronounced central peak,
but encompassed by a rim unlike that around any crater
on the Moon. This unusual rim is recognizable out to
about one crater diameter and is bounded by a subdued
scarp. A smooth depression zone, apparently a ring syn-
cline, is present ciose to the rim crest beyond which
sharp, straight radial fractures are present along with
discontinuous roughly concentric iineaments that lo. v
resemble graben, This structural pattern is similar to chat
commonly observed in the bedrock beneath the ejecta

*Numbers in parentheses in text refer to Mariner 9 pictures not
included in this section, but which provide additional explanatory
material. All Mar.ner 9 pictures muy be ordered from the National
Space Science Data Center, Code 601, Greenbelt, Maryland 20771,
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Fig. X-1. (a) Sharp-rimmed, 20-km crater encompassed by a radially and ccncentrically fractured rim. (MTVS 4230-66,
DAS 06623029) (b) Multiple rampart craters; the large~t is 8 km across. (MTVS 4186-63, DAS 07147283) (c) Pedestal
craters 1 to 2 km across surrounded by sharp serrate ledges, (MTVS 4294-26, DAS 12500070) (d) irregular pits and
hollows on lunar-like plains material. (MTVS 5017-19, DAS 11797070)

blankets uf some terresirial impact craters such as Flyon
Creek. Tennessce, as well as experimental explosion cra-
ters (Ref. X-22). Similar appearing structaral patteens
have not been described around volcanic craters. The
fragmental ejecta blanket that is inferred to have orig-
inally surrounde this crater appears to be eroded to
sufficient depth to partly or complectely expose the sub-
ejecta bedrock structures never visible around lunar cra-
ters. The presence of a sharp rim crest on this crater and
succecding examples is not inconsistent with extensive
wind erosion, the sensitivity of the wind to slight resis-
tance discontinuities being well established. The rim crest
here is interpreted to represent the steeply upturned bed-
ruck beneath the ejecta; this bedrock should be relatively
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more resistant to erosion than the disaggregated, intensely
fractured, ejecta of the original blanket. The surrounding
plain is lower than the crater rim; conceivably the coarse
rubble of the ejecta blanket could have acted as a defla-
tion armor, thus temporarily protecting the pre-crater
bedrock from erosion to the same level as the surrounding
ejecta-frec terrain.

Many Martian craters are surrounded by single or
multiple crenulated ramparts at a distance of about one-
halt to one crater diameter. Figure X-1b shows two cra-
ters near 6.5°N, 285°\V, the largest of which is about
8 km in diameter. Craters of this type are fairly common

throughout the equatorial region. particularly on those
137
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moderately cratercd plains that exhibit sinuous iunar-like
mare ridges (Ref. N-11. Craters of this type are vare iu
the more complex highly eratered terrain. If these are
indeed impact craters, the unucual form of dieir sim de-
posits also might be expliaed by wind ero.ion. Two
ejecta facies are generally recognized sround fresh lunar
impact craters: a rough inner rim facies. and an outer
radial facies that grades at about one crater diameter into
chains, loops, «nd clots of sccondary craters (Ref. X-23).
These fecies and their contacts with the surrounding
plain could represent wind resistance discontinuities. and
therchy crode at different rates thar their surroundings.
They do not appear to be eroded to sufficient depth to
expose the pre-crater bedrock as 1s assume d for the crater
described in Fig. X-1a.

The craters shown in Fig. X-lc near 4.5°N. 152°W,
represent vet another type of erosion and are also indica-
tive of the extent of deflation and lowering of certain
plains surfaces on Mars. Here many small craters about
1 km in diameter are located on raised pedestals that are
encompassed by relatively steep. scrrated scarps lyving
at a distance of about two crater diameters. The craters
are too small to show discernible rim testures, but depo-
sition of continuous to thin and discontinuous ejecta
commonly occurs out to several diameters from a primary
impact crater. As in the previous examples, the ejecta
blankets appear to have acted as a surface armor or lag
surface which has temporarily protected the underlying
materials from deflation. The plains surrounding the ram-
parts at the edge of the assumed cjecta blankets are
inferred to have been lowered by at least the height of
the scarps since these craters fonned. Preliminary wind
tunnel experiments by Ronald Greeley at Ames Research
Center have simulated this temporary armoring effect.
Alternatively, these craters might be volcanic in origin
and be surrounded by flows; in this case the same process
would be operative, but with much of the relief on the

serrated scarps primary rather than secondary. The de-

grec of lowering of the surrounding plains would, there-
fore, be less than for impact craters.

Most craters on Mars are not surrounded by scarps
and most also lack distinctive rim deposits, suggesting in
these cases that erosion has proceeded at a uniform rate
both on the plains and craters. Where clevation discon-
tinuities are present, it can be inferred that the surround-
ing terrain is more susceptible to erosion than the
encompassing cjecta blanket and consequently consists
of weakly consolidated materials. Further, evidence that
parts of the plains are composed of weakly cohesive ma-
terials is seen in the crescent-shaped hollows of a narrow-
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angle camera picture (MTVS 4234-35. DAS 09484799)
at 5.0°N and 151.3°W. These features are described in
more detail by Cutts and Smith (Ref. X-4: see Fig. XI-S
of this Reporth who compare them to similar recent
depressions in the Coachella Valley, near Palm Springs.
California.

Three prominent 5-km craters, without apparent rim
deposits but with sharp rim crests, are seen in Fig. X-1d.
located near 353°S, 302°W. ATso shown are plains con-
taining numerous flow fronts and linear ridges with
lobate flanks. Plains of this tyvpe are Zenerally interpreted
to be of vokanic origin and probably consist of a
sequence of flows and fissure cruptions as on the Moon.
The surface of these flows, unlike their lunar counter-
parts. appears to be eroded into numerous irregula-
knobs «. residual nubbins lving within larger. very
irregadar  depressions.  Numerous  clongate  gouge-like
features occur in the upper right of the picture and
appear to be secondary impact craters unrclites lo the
other depressions and knobs. The textural pattern ob-
served on these lunar-like plains is dissimilar {c the
original surfaces of flows on either the Moon or Earth,
and is interpreted as a sccondary crosional imprint.
passibly due to wind abrasion and sel ctive winnowing
of less resistant zones within the flows. If these are fine-

iined volcanic rocks, Martian wind crosion must be
ufficiently vigorous or the exposure time so Jong that
rocks which terrestrially tend to be very resistant to
.olian erosion have been extensively degraded.

Parts of the aureole of structured terrain surrounding
Nix Olympica (Ref. X-12; also see Section IV of this
Report) show what appears to be wind-produced stream-
lining (Fig. X-2a). These elongated ridges are 10 to 15
km long and 3 to 5 kin wide and exhibit a pronounced
alignment that is parallel to numerous fine surface
gropves, Irregular to elongate pits, on the order of 1 km
or smaller in size, arc present between the ridges and
are interpreted as small deflation hollows. The crests
of most of these ridges are sharp and keel-like in appear-
ance, and the ends of the ridges are sharply tapered.
Whatever the origin of this terrain, its present mor-
phology is strongly suggestive of extensive wind modi-
fication. On Earth, similar-appearing streamlined residual
knobs produced by wind erosion are called “yardangs”
(Ref. X-8; for examples from the coastal desert of South
America see Fig. X-4b). Another variant of streamlined
terrain lies in a moderately cratered part of the Aeolis
region (Fig. X-2b). Here the relief is more subdued,
and the erosion effects are more subtle. This erosion
surface is characterized by closely spaced, sharp-crested
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Fig. X-2. (a) Elongated ridges and troughs aligned with numerous small pits and fine grooves. (MTVS 4174-75, DAS
06£23393) (b) Streamlined ridges and tapering mesas. (MTVS 4296-2, DAS 12985394) (c) Fine parallel grooves in rela-
tively smooth uncratered plains. (MTVS 4174-63, DAS 06823253) (d) Fluted mesa and residual ridges,(MTVS 4205-54,

DAS 07794575)

ridges separated by smooth troughs that grade into low,
tapering, wedge-shaped mesas that appear to be relicts
of originally more extensive strata. The 4-km crater with
a sharp rim crest near the lower center shows a faint
rampart like those described previously. This crater must
be either more resistant to wind erosion than the scoured
terrairv around it or be younger than most of the inferred
denudation. Parts of the plains of southern Amazonis ex-
hibit what appear to be wind scour features. Figure
X-2¢, which is about 30 km across, shows an array of
sub-parallel ridges and grooves that are interpreted to
be selectively etched, closely spaced bedrock fractures.
However, as will be seen later. some or most of the
linearity in this picture could be due to the presence
of trains of sub-resolution granule ripples of the type

found on some thoroughly deflated, coarsely fragmental
terrestrial desert surfaces.

Wind erosion effects on a stratified plateau in southern
Zephyria are illustrated m Fig. X-2d, which measures
about 40 km in width. The front of the plateau to the
east shows a complex fluted pattern that grades westward
into a series of elongate residual knobs, probably
yardangs but very niuch smaller than those in Fig. X-2a.
This pattern is similar to that seen along the edges uf
some of the laminated terrain in the polar regions (Ref.
X-2). Cliff retreat appears to be in a more advanced
statc here because of the deeper fluting of the edges of
the scarps and the development of small yardangs and re-
sidual nubbins. Figure X-34A, although near 80°S, 64.5°W,
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fFig. X-3. (a) Reticulate ridges in south polar regioi. (MTVS 4212-15, DAS 08044333)
(b) North rim of Argyre basin, (MTVS 4162-63, DAS 06426563) (c) High-aititude photo-
graph of sand streaks in the coastal desert of Peru. (d) Low-altitude oblique phatograph
of similsr sheet in central Peru. (e) Ground photograph of detached barchan and rippled
surface over which sheets move. (f) Thin sand sheets in northern Peru that do not otrscure
subjacent beach features.
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and outside the area of main concern, is included be-
cause it illustrates vet another important effect of wind
crosior. in the right center of the picture is an unusual
and complex arry of lincas. iterconnected reticulate
ridges, approximately 153 by 50 km in extent. The ridges
are continuous. show no breaching, and stand out among
the surrounding plains and small hills like walls of an
ancient ruin. The origin of the reticulate pattern is prob-
lematic; igncous or clastic dikes are a possibility, but not
an exclusive explanation. Whatever the genesis of the
pattern. the present morphology can best be explained
by selectiv « wind scouring. The materials of the reticulate
ridges must be more competent than those between and
beyend so that they have beer etched out of the sur-
rounding strata to now stand out in bold relief.

The previous four exampies of wind erosion features
are characterized mwostly by linear patterns and are
located, for the most pa.:, within plains areas that appear
almost featurcless at wide-angle camera resolutions. The
cratered terrain also cexhil: s the probable imprint of
wind action, but of a different tvpe. Figure X-5b shows
softened, mantled terrain on the north fiank of the
Argvre basin. Much of the cratered terrain within the
equatorial region of Mars is of similar appearance and
is texturally far more subdued than lunar terrain of
comparable geologic setting. Within the cratered terrain,
an abundance of mobile sand winnowed from a thick
impact regolith is to be expected. This sand may form,
as in some terrestrial deserts, a slow-moving mobile
blanket that partly or completely buries original topog-
raphy to varying depths. Much of the softness and non-
lunar appearance of the cratered regions can be explained
by the presence of such a blanket produced by eolian
interaction with the ancient impact regolith.

The foregoing examples are of necessity only a small
sample of the array of wind erosion features recognized
in the narrow-angle pictures. Preliminary screening of
all available narrow-angle frames revealed at least 100
in which probable wind erosion forms are present. The
overall abundance and regional distribution of the wind-
forms described cannot be determined because of the
paucity of narrow-angle camera coverage of the planet.
Windforms seem to be more common, however, in the
plains areas which, from preliminary heighting data,
appear to be low. They are not evident on topographic
highs such as the Tharsis ridge. This tentative observa-
tion is consistent with the calculations by Sagan and
Pollack (Ref. X-14), which show that the entrainment
function is quite sensitive to differences in pressure with
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* vation, although the relative competence of the rocks
i the high and low regions must also be a factor.

The light and dark streaks described by Sagan et al.
{Ref. X-24) indicate that wind erosion is still occurring
on Mars. Many of the light streaks. particularly those
of the Syrtis Major region, are similar in appearance to
terrestrial sand sheets that are typically lighter than the
deflated desert pavement over which they move. The
large and slower-noving sand sheets, such as those in
Perv. vary in magnitude from complex dune arravs up
to 20 or 30 m thick, several hundred meters in width.
and kilometers in length: their appearance in low-
resolution vertical photography is shown in Fig. X-3c.
They usually consist of a complex array of coulescing
barchans, transverse and lee dunes that rise and fall
over the local topography as seen in the oblique photo-
graph in Fig. X-3d. The dark, granular, ripple-marked
surface over which these sheets often move is shown,
along with a small 3-m barchan detached from the main
sheet,in Fig. X-3e. Some terrestrial sand sheets, on the
other hand, produce strong local albedo contrast, but
are so thin that they do not obscure underlying topog-
raphy (Fig. X-3f). These sheets arc faster moving and
often change in shape on a diurnal basis.

Although both types are actually depositional features,
they are an integral part of the colian regime because
they ablate the surfaces that they move over and around.
Attrition of the saltating grains also occurs in concert
with their aggregate movement until the grains reach a
size small enough to be carried away in suspension, a
factor essential for perpetuation of the eolian erosion
process.

C. Selected Terrestrial Landforms Produced
by Wind Erosion

Parts of the coastal desert of Peru, particularly the cen-
tral region from the Paracas Peninsula to the mouth of
the Rio Ica, have been free from the effec : of running
water since at least the late Pleistacene time. This part
of the desert, like most of the coastal region of Peru, is
undergoing rapid tectonic uplift. Many of the recently
exposed beaches and marine abrasion platforms have
never experienced significant fluvial erosion in contrast
to the surface of most other terrestrial deserts that have
undergone several climatic cycles since the Pleistocene
or that experience spasmodic heavy rainfall. Winds of
20 to 30 km/hr blow each afternoon with great constancy
of velocity and directional pattern. Vegetation is virtually
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absent, and an ample supply of relatively immature sand
locally containing an unusually high perce.tage of lithic
and mineral fragments is present. The sand is derived
from recently raised beaches wind inarine abrasion plat-
forms, although exotic streams from the high Andes also
contribute much quartz sand to the total supply. Numer-
ous sea stucks in a wide size spectrum along with abun-
dant fault scarps provide the first-order landforms that
are undergoing attack by the wind. The almost unique
character of this desert and its potential as a source of
insights into Martian colian provesses led to a geomorphic
reconnaissance of coastal Peru in October 1971, just be-
forc the Mariner 9 encounter. The work was sponsored
by NASA and carried out as a joint cffort between the
U.S. Geological Survey and the various Peruvian agencies
listed in the Acknowledgnients. A report summarizing
the preliminary results of the study from which most of
these data have been derived was recently prepared by
Grolier et al. (Ref. X-25).

The most impressive products of wind erosion in Peruv
arc the streamlined. wind-bevcled hills or yvardangs that
range from tens of meters to several kilometers in length.
Their appearance from the air is like that of a fleet of
inverted ships of various sizes and shapes. In the back-
ground of Fig. X-4a an array of these unusual features,
located just west of the Rio Ica near Cercos Las Tres
Piramides, can be scen. They are formed in evenly
bedded, loosely consolidated. Tertiary sediments that
probably lic unconformably on the non-guillied, wind-
stripped, gently deformed sediments in the background.
The largest of the triple hills near the center background
of the photograph is 1.0 km in length. Two steep-walled,
flat-loored deflution hollows, the more circular of which
is 0.5 km across, are present in the left foreground. Figure
X-4b illustrates the same type feature in a more advanced
stage of wind beveling and streamlining. These yardangs,
located about 17 km north-northwest of the mouth of the
Rio Ica, have been caived into the somewhat more mas-
sive siltstones of the Pisco Formation, also of Tertiary age.
The largest of these ridges with the central groove along
its crest is 0.5 km in length. Note their pronounced aero-
dynamic shape and the linear light and the dark, gen-
crally parallel streaks that surround each ridge. The
transverse spacing of these streaks here is on the order
of several meters. They are trains of granule ripples with
aligned ciests that contain coarser darker material on the
gentle windward slope of each ripple (Ref. X-26). Eolian
bedforms such as ripples and dunes can be distinguished
on the basis of grain size and wavelength as described
by Wilson (Ref. X-27). The sand that is the chief sculp-
turing agent of the yardangs is continuously being de-
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rived by winnowing and eddying from these relatively
coarse metastable deflation surfaces. Figure X-3a is o
vertical view of the same region. 8 km in width, oriented
with west at the top The vindangs seen in Fig. X—b are
at the extieme right of the photograph. The Rio lea,
an exotic stream with its source in the high Andes, flows
from the upper right to lower left: the prevailing wind
direction is from lefi to right across the photograph. The
dark. complexly faulted crystalline rocks that here under-
lie the streamlined remnants of the light Pisco Formation
can be seen in the upper part of the photograph. They
have been smoothed. selectively etched along fractures.
and partly blanketed by coarse sand, but not sculptured
into vardangs because of their greater competence. The
broad light and dark streaks in the lower right of the
photograph are parallel to the prevailing winds; the light
streaks probably are cphemeral thin blankets of loose
sand derived from the yardangs upwind, and the dark
streaks are ripple-marked pavement over which these
sheets move.

The yvardangs of coastal Peru are pure eolian features;
no running water has been involved in their formation.
Mcchanical and chemical disintegration of the original
sediments, sandblasting by saltation, and the consequent
selective winnowing of zones c¢f weakness within these
rocks are sufficient to explain their development. They
compare closely in form and approximately in scale to the
probable Martian crosion features depicted in Figs. X-2a
and X-2b, although those in Fig. X-2a appear to have
much sharper crests and are generally larger.

Another of the many varied reactions of lthogically
complex surfaces to essentially the same wind conditions
is seen in Fig. X-5b, the width f which is about 4 km
and is located in the Pampa Lechuza near the middle of
the Paracas Peninsula, Peru. The soft-app. ing hills in
the background are wind-modified and sa i-blanketed
sea stacks now about 200 m abov. sea level. They consist
of faulted Paleozoic and pre-Cambrian crystalline rocks.
In the foreground and upper right, a sequence of weuk
Tertiary sediments of the Paracas Formaticn dip gently
to the left and have been beveled into a flat stack f taper-
ing plates closely resembling thosc previously shown
in Fig. X-2b, and the relicts of the so-called laminated
terrain in the polar regions by Murray et al. (Fig. 7 of
Ref. X-28). Note the prominent ripple trains on the flat
parts of the Pampa that indicate the prevailing wind
direction, which is from top to bottom in the photograph.
The tapered edges of the beveled sediments are askew
to this direction in contrast to the yardangs discussed
earlier and the streamlined remnant at the extreme right
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Fig. X-4. (a) Wind-beveled hills, stripped Tertiary sediments snd deflation pits near the
Rio Ica in central Peru. (b) Yardangs in the Pisco Formation, 17 km from the mouth of

the Rio lca, central Peru.
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Fig. X-5. (a) High-alt

itude view of the same features seen in Fig. X-4b. (b) Wind-eroded

mesa and ripple trains, Paracas Prninsula, central Peru.
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of the picture. This discordance is probably the result
of local tilt of these beds, with the tapered edges at the
lower right of the stack purallel to the strike direction of
the beds. The transverse spacing of the ripple trains is
on the order of tens of meters. and their wavelengths are
tvpically 3 to 5 m. If granule ripple trains are present on
Mars, as thev should be in the light of Mariner 9 data.
their presence just below the limit of identification resolu-
tion might produce seme of the linear effects seen in
Fig. X-2¢.

Parallel cliff fluting of weakly consolidated sediments
by sandblast action is another variant of the -olian
regime in central Peru. Figures X-6a and X-6b illustrate
this effect along the base of Cerro Lechuza, about 7 km
south of the Pozo Santo Mission on the Carretera
Panamericana. Figure X-6a is an oblique view of the fluted
cliffs. which are 2.0 km in extent and from 20 to 30 m
above the dark lag gravel and granule-rippled pampa to
the right. The spacing between the notches is about 50 m.
Figure X-6b is a vertical view of the same area oriented
with northeast at the top. It clearly shows that Huting
occurs only in the light beds in this part of the Tertiary
sequence: the overlying darker beds have been stripped
back by wind action but have not developed flutes. nor
have thev gone to the stage of small yardangs as seen
in the left center of the photograph. These two illustra-
tions contain features similar to those observed in Fig.

X-2d.

Selective wind etching of complexly favited Tertiary
sediments can be observed about 5 km due south of the
resort community of Paracas (Fig. X-7a). The distance
across the bottom of this photograph is about 3 km. Two
prominent resistant beds that stand like walls above the
surrounding terrain crop out in the lower right. These
same two beds can be traced discontinuously into the
right background wnere they are offset by numerous
small faults. The pattern seen here is strikingly similar
to that described for Fig. X-3a in the south polar region
of Mars. The origin of the resistant layers is almost surely
different, but the same type of selective eolian etching
must be operative.

Almost complete sand and granule blanketing of wind-
smoothed sez stacks can be seen in Fig. X-7b, located in
the Cerro Lechuza near the western edge of the Paracas
Peninsula. Trains of chevron-shaped ripples occur on the
surface of the blanket (lower left of photograph), and the
tops of the steeper stacks show exposed bedrock such as
the two hills with dark tops in the center. An ancient
sand-choked gully without tributaries lies in the upper
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center ot the photograph, one of the few traces of erosion
by running water in this entire region, This terrain re-
sembles that shewn in Fig. X-3b: although the primary
landformis present in cach formed by very different pro-
cesses, the secondary effects of wind smoothing and partial
to complete blanketing by coarse-moving sand is inferred
to produce the same morphologic results.

D. Conclusions

(1) The wind regime on Mars is more powerful than
that on Earth, and the processes of eolian saltation
and suspension transport are more significant on
a planet-wide scale than they are terrestrially.

{2) The ravages of wind erosion on Mars are perva-
sive; at least seven types of colian erosion features
can be recognized. Wind is considered to be the
principal agent of surface sculpturing and trans-
port. Its influence accounts for many of the dif-
ferences between Martian and lunar features.
particularly the distinctive morphology of many
craters on Mars.

(3) The degree of erosior apparently varies with the
type of rocks present and their relative competence
or resistance to wind action, as is also true in
terrestrial deserts. The clearest examples of wind
crosion features arc generally found in the plains
regions, which tend to be topographically low.

(4) Some plains surfaces have been stripped and
lowered cn the order of tens of meters. The mate-
rial removed from these surfaces within the equa-
torial regions has probably been trapped at least
temporarily in the polar regions in the form of
loess deposits.

(5) Running water has played a subordinate rol¢ in
developing the Martian landforms describer here.
Most of the surface modification seen i these
narrow-angle pictures can be explained by eolian
erosion or deposition or both supcrimposed on
pritnary forms generated by impact, volcanism, or
tectonism.

(6) Detailed ccmparisons between the almost unigue
wind-produced landforms of the rainless desert of
central Peru and those inferred to be of eolian
origin on Mars reveal striking similarities of form.
The conclusion that they originated by essentially
similar processzs seems inescapable.
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Fig. X-6. (a) Wind-fluted cliffs in soft Tertiary sediments, central Peru.
(b) High-altitude view of the same features seen in Fig. X-6a.
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Fig. X-7. (a) Reticulate ridges in fauited Tertiary sediments, 5 km south of Paracas,
central Peru, (b) Sand- and granule-blanketed terrain near the west edge of the Paracas -
Peninsula, central Peru.
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Eolian features on Earth are found primarily in arid
regions where rainfall is sparse and vegetation has been
unable to arrest the transport of surface materials by
wind. When it became apparent that Mars was a dry
world, although with a significant atmosphere, it was
natural to infer wind would play an importan. if not
dominant, role in modifying the form and appearance of
the surface. Global obscurations of the major continental-
scale albedo features of the planet observed from Earth
were first interpreted many yt ars ago as massive dust
storms (Ref. XI-1). The more subtle and gradual seasonal
and secular changes in these features, interpreted at first
as the growth of vegetation, in more recent years, also
have been attributed to wind action (Ref. XI-2). High-
resolution views of albedo markings from Mariners 6 and
7 (Ref. XI-3) and from Mariner 9 (Ref. XI-4) have left
little doubt that wind wransports Martian surface materials.

Most of these observations are relative to superficial
effects. The dust storms and surface markings could be
explained in terms of a thin veneer of material, perhaps
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millimeters thick. Observations of changes on a diurnal
or annual time scale required that this be the case, and
the sceming reversibility of many changes seemed to
indicate a cycle in which material was returned to its
source.

More detailed analysis of the Mariner 9 pictures re-
ported in this section and in other sections in this Report
now reveals that eolian activity is not only a superficial
effect, but a surface process of profound irrortance in
the geologic evolutior of Mars.

Moderate- and large-scale topographic ‘eatures that
may be attributed to wind erosion have been described
(Refs. XI-5 and XI-6; also see Sections X and XV of this
Report), and latitudinal variations in crater meiphology
have been interpreted in terms of eolian deposition and
erosion in the mid-latitudes of Mavs (Ref. XI-7; also see
Section IX of this Report). Eolian deyosits also are be-
leved to exist in equatorial and polar latitudes. Smooth
plains interpreted as eolian matesials embay volcanic
terrains (Ref. XI-8; also see Section II of this Report);
deeply eroded layered deposits mantle clder cratered
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terrains and underlie the residual frost caps (Ref. Xi-9:
also see Section XVH of this Report?

This section assesses the pictoral ovidence $or the
existence of volian dunes on Mars. The dune is the most
familiar of terrescaal eolian featares. and the occurrence
of aalovous features on Mars has important conse-
quences tor the geologic and meteorologic enviromnent
of the planct. We find our most convincing evidence for
dune formation in U - Hellespontus rezion of Mars. and
the principal conclusions of this section are based on this
identification of a dunc mass in that location. However.
possible dune features exhibiting a great variety of
morphok gies in other parts of Mars are also examined.
and the progressive modification of cratered terrains by
deposition of dune-forming materials is discussed. This
section is a companion to the analvsis of colian e:osion
featares given by McCacley in Section X of this Report
isee Rer XI-3).

A. Dune Characteristics

Dunes are constructional to; “Zraphic torms that de-
velop from assemblages of loose irag.ont. of mineral or
rock in certain size ranges undey the action of a moving
fluid such as wind. Bagnold {Ref. XI-10) first provided
the insights that explained why grains of sand collect into
dunes instead of scatiering evenly over the land as do
8nc grains of dust. Bagnold recognized that particles
forimmg dunes move predominantly by saltation. a
bouncing motion imtiated when a grain is pickea up from
the surface by a turbulent «ddy, moves in a downwind
trajectory on assuming the motion of the wind, and im-
pacts the surface :t a shallow angle. If this impact is on
much larger particles or on solid, unbroken rock. the
grain rebounds into the air, although it muay impart some
motion (traction) to the larger particles. If it encounters
similar or smaller size particles and if the wind is strong
enough, it will spray them into the air. At lower wind
velocities, the motion can be sustaired on}y or rock and
pebble surfaces because the energy of impact with a
surface of fine particles becomes dissipated. Thus, under
these conditions, moving grains collect on patches of
stable grains and the landscape is not uniformly mantled,
but is comprised of segregated bodies of sand (Ref.
XI-10). These bodies can assume fairly simple individual
dune forms such as barchans or linear seif dunes. De-
pending 2n the availability of sand and the nature of the
wind regime, these individuals can persist or coalesce
into complex forms of diverse morphology.
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Bagnoid cloguenthy deseribed. but GG nor Yequately
exphlain. the various shapes that dunes assume and main-
tain.

“in ihe dicat dosorts instead of fadine chaos and
disorder, the observer never ceases to be amazed at
a simplicity of form. an exactitude of repetition and
a veometric order unkuown in nature on a scale
larger than that of crnvutalline structure. In places vast
accomulations of sand weiching millions of tons
move inexorably. in reqular fornwtion. over the sur-
face of the country, growing, retaming their <hape
even breeding, in a nanner which Ly its arotes
imitation of life, is vagueh: disturbing to an imamna-
tive mind. Elsewnere. the dunes are cut to another
pattern—lined up in parallel ranges. peak following
peak in regular succession like the teeth of a mon-
stzous saw for scores. even hundreds of miles without
a break and without a change of direction over a
landscape so flat that their form cannot be influenced
by any lorat genzraphical features.”

Today an explanation of the complex variations in mor-
phoiogy seen in terrestrial dunes is stili lacking. but the
quotation encapsulites some of the characteristics of
dunes that can help us to recognize them in orbital
vhotography of another planct.

B. Ohservations of Dunes
1. Hellespontus Region

The single most convincing example of a dune ficld on
Mars is found in a large. dark-floored crater at 47.575,
331°W. in the Hellespontus region of Mars. The complex
of simous coalescing ridges and individual marginal
for.us ~orresponds almost exactly to the distribution of
dark albedo inaterials in the crater floor. This section
reviews the morphologic similarities with eolian forms
on Earth that lead us to concur with an carlier report
(Ref. XI-IU) that the featuve is indeed a dune mass.

Oval in ground plan and elongated in a northerly di-
rection (Fig. XI.1a), the suspected Hellespontus dune
mass measures about 60 by 30 km. Its morphology is
dominated by a series of prominent, subparallel ridges
1 to 2 km apart and trending N15°W to N35°W; they are
represented in Fig. XI-1b by the heavy lines. Viewed
stereoscopically, many of these appear to have rounded
crests, similar steepness of slope on either side of the
ridge crest, and to be separated by flzt surfaces about as
wide as the ridges (Fig. XI-2c). Ridges of this system
are crossed by narrower, apparently sharper-crested
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ridges trend. 1 north to N30°E: these lack the « atinuity
clevations at intersections with the NNW ridees (Figs.
\I-2¢ and XI-2h.

The margins of the mass possess a diversity of mor-
phology lacking over the interior. Variations occur both
around the perimeter and acioss the marginal zone. On
the northeast and norchwest margins. narrow ridge fea-
tures are oriented approximately. NNW, mecting the
perimeter of the dune mass at varving angles. These
narrow ridge features appear to be transitional to indi-
vidual crudely equant forms (Figs. XI-!a and XI-1bk.
which are not seen along the remainder of the perimeter
of the dune mass. The morphology and transitional rela-
tionships are descnbed in more detail in the subsequent

paragraphs.

Parallel ridges of 'he north margin, 2 to 5 km long,
trend N13°W to N25°W and are 4 to ': km apart
i1Fig. XI-2b). This zone of closely spaced ridges ex-
tends abouvt 15 km south where it abuts the rexion of
widely spaced sidges. but contains erclaves of topography
which lack any discemible linearity (see Fig. XI-2b.
lower-right comer). Southw:.{ from the northern apex.
the ridges are subparallel to branching, '» km apart,
1 to 4 km long and trending north to N25°\W (Fig. XI-2a).
Along the margin are individual, crudely equant features
12 to 1 km across. the largest of these has a peaked.
crescentic appearance opening northward when viewed
stereoscopically. Southeastward from the northern tip of
the mass, the closely spaced ridges are bordered by a
zone of individual features with somewhat different
characteristics. In Fig. XI-2¢ the ridges ar> 1 to 4 km
long, 2 to 1 km apart, and trend N20°W to N33°\W; on
their borders, the triangular individual features are about
1 km across and are closely spaced in rows en echelon
with their comers touching. Along the southeastern
margin, the widely spaced ridges curve southwestward
at their ends, and some large, crescent-shaped features
are seen.

Near the crater .2 Fig. XI-2f is a series of 1-km
crescentic features, cach opening westward and heading
at onc of the arms of the next crescent east in an en
cchelon manner, strongly reminiscent of the arrangement
of closely spaced terrestrial barchan dunes. At the top of
Fig. XI-2h is a crescentric feature about 1 km across with
a gentle, domed northeast side. Along its southwest side
it has a straight, steep slope curving into blunt homs
> km long; the northern hom merges into one of the
widely spaced ridges. This feature strongly resembles a
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barchan dune as do. to o lesser degree. some other rid e
terminations.

Parailel to the western paargin of the mass are ridges
210 12 ki apari Uending N20°E to N30 E  Fio N1200
These appear to be a coalescence of somewhat cresceatic
features opening northwestward: cach individual is about
'z km across and has. on its north side. a ridee up to 1 km
long oriented with the trend of the coalesced ridge.
Northward from here, the ridges are less prominent. and
individual features 2 to 1 km across are up to 3 km from
the main mass (Fig. XI2d%. Some appear crescentic
opening northw ard. with sharp. north-trending spurs on
their northw ext comers and buibous protrusions on their
northeast corners. Thev may be better developed {orms
of the crudely equant features seen in Fig. XI-2a and
described in the preceding paragraphs.

The crater floor. which underlies the entire mass of
ridges anu individual forms, is locaily crossed by south-
casterly trending trenches (Fig. XI-1a). The southern part
of the crater 1s covered by feng da.k filaments that branch
irregularly and trend generally S5W except where they
are locally crossed at high angle by similar short fila-
ments. These filaments meet the main mass in a zone
along the southern part of the margi- which is char-
acterized by ridges as opposed to assemblages of individ-
ual forms. At one location (Fig. XI-2h). the marginal
ridges appear to splay out and locally merze with the
dark filaments. The relationship of these dark filaments
with the main mass and their general geometric anas-
tomosing pattern i not unlike that seen in terrestrial scif
dune complexes (e.g., Ref. X1-12). Alternatively they may
represent tracture patterns or erosional scour features in
the crater which have trapped dune-forming materials.
They are not mapped in Fig. XI-ib.

2. Comparison With Terrestrial Features

We have not attempted to find exact terrestrial anal-
ogies of the ridge structures and individual ferms de.
scribed above. However, the pictures shown in Fig. XI-3
do show some characteristics of terrestrial dunes. They
show the importance of resolution in their definition; they
indicate the diversity of ridge structures and individual
dunes found in nature; and they display an “ordered
chaos” quite similar in style to that seen in the Hel-
lespontus crater described above.

Figures XI-3a through XI-3d show various segments of
the Algodones dunes, southeastern Imperial County,
California, at scales increasing from that of Fig. XI-2 to
about 30 times larger. These dunes have been described
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Fig. Xi-1a. Suspected dune mass in Hellesponitus near 475°S, 331°W. As viewed by the Mariner 9 wide-angie
camera, the general ares is characterized by large subdued craters with irregular dark markings in their flat
fioors. The mosaic of high-resolution pictures shows the dark marking at the lower right of the wide-angle
frame (inset) ta ba a complex of ridges with a diverse marginal topography comprised of ridges and in-
dividual festures. Surrounding the suspacted duna mass is a substrate displaying craters and some structurai
patterns. The filamentary dark markings which merge with the dune mass near the bottom of the mosaic
also may be dunes. (Mosaic: MTVS 4264-20, DAS 09807499; MTVS 4264-16, DAS 09807429; MTVS 24278-15,
DAS 08548829. Inset: IPL Roll 267, 220313.)
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Fig. XI-1b. Map showing the principal features of the suspected Hellespontus dune mass (Fig. Xi-1a) at the )
sams scale. The most prominent subparalie! ridges trending N113°W to N35°W are represented as heavy ]
lines. Narrower, sharper-crested ridges crossing these in various parts of the mats are denoted by light lines.
Dots indicate crescentic triangular or irragular forms that may be individua! dunes. The dashed lines indicate
ridge structures in which the continuation of individual ridges is uncertain, In arras in the submarginal tone,
which has been jeft blank, the dune mass appears structureless. The rectangles identily aress that appear
L enlarged in Fig. XI-2.
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Fig. XI-2. Features of the margina! zone of the suspected Hellespontus dune mass are
compared with one another and with the ridge structure near the center of this feature.
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Fig. XI-3. Terrestrial photographs showing some of the characteristics of dune fieids. No
strict similarities with any of the Martian features is intended here. Figures XI-3a through
X1-3d itiustrate the importance of resolution in recognizing the topography in the Algodones
dunes of Sauthern California. The iow-resolution photograph (a) has several times the
resolution of the Mariner 9 narrow-angle camera. Thus, Mariner 9 pictures of this area
would show only a subtle wavelike pattern, The highest-resolution photograph (d) shows
the barchan dune, a crescentic individual dune with its steep slip face on the concave
side of the feature, Some of the individual forms on the _eriphery of the Hellespontus
feature (Fig. XI-2) may be barchans several times the scale of those shown here. Although
the barchan is the easiest dune to understand theorstically, it is not the only type of
individual dune. The peaked or pyramidal forms found in the Sahara desert (f) may be
closer in characteristics to the triangular dunes (Fig. Xi-2¢). The narrow ridge structures
(e) also resemble other suspected Martian dune features. Figures Xi-3a through Xi-3d
are Algodones dunes, southeastern California, at various scales. (a) USAF 665V048, 1967.
b) 61S7274A, 1961. (c) M29 137 SMCS (CAIP) 630, 1962, (d) Photographed by R. S. U.
Smith, 1972, (e~f) From Ref. XI-17.
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by Norris and Norris (Ref. XE-1300 emall erescentic dunes
‘barchans' within them have been desceribed by Norris
Ref. XE-1h and RS, VL Smith (Refs. X1-13 and XI-160.
Figure Nl-3a shovs a northeastw aind orientation of large.
scale features within the main dune mass and the
marginal ridses oricnted northwesterly along the elonga-
tion dircction of the dune mass. Figure XI-3b. trom
farther southeast in the dunes. shows the “megabarchans™
of Norris and the swarms of barchans on the intervening
Hats. Note that these swarms are apparently coneentrated
into di-crete lanes controlled by sand Hux from the fow
points on the southeast margin of the northwest dune
mass. Figure XI-3¢ shows the characteristic surficial mor-
phology of the dune muss. Note the sinuous, paralle]
ridge crests and lower crossing ridges. Figure X1-3d
shows seme of the sinall barchai dunes like those in the
swarms of Fig. X1-3b: these move southeasterly, but were
deformed by strong northerly winds shortly before the
picture was taken. Note their characteristic crescentic
shape and rough similarity to the “megabarchans™ in
Fig. XI-3b. despite their being more than an order of
magnitude smaller.

In gross appearance the large-scale repetitive features
of the Aleodones dune mass (Fig. XI-3a) resemble the
central portion of the suspected dunc mass of
Heilespontus (Fig. XI-2e). Although the scales in both
figures are similar., the resolution of the terrestrial photo-
graph is much greater, which may account for the greater
abundance of fine structure. Structure at the 100-m scale
and below is typical of large-scale terrestrial eolian ridees.
H. T. U. Smith (Ref. NI-17) describes individual large
ridges of this type as composite dunes; some other
authors, notably Wilion (Refs. XI-18 and XI-19), believe
that they represant distinet eolian features (draas) with a
different mode of formation than simple smaller scale
ridge dunes. These smaller-scale ridge dunes have been
considered to fall into two classes. Transverse dunes form
perpendicular to a prevailing wing and exhibit a shallow
windward slepe and a steep leeward slope or slip face
upon which sand lies at the angle of repose (approxi-
mately 34°). Longitudinal dunes have steeply sloping and
essentially symmetrical ridge structures which, in some
cases, seem o be aligned with the vector sum of winds
from quite different dircctions (Ref. XI-10). Stercoscopic
cxamination indicates that the large-scale ridges of the
suspected Hellespontus dune mass are morphologically
differcnt from simple transverse dunes; becanse of the
scale difference alone, this is not surprising.

One notable difference between most terrestrial dunes
and the individual features marginal to the suspected
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Hellespontus dune mass is albedo. Terrestrial dunes
usually appear light against a darker background or with
very little contrast. This can be adributed to the fact that
mast terrestrial dune sands are predominantly  quartz
{Ref. XI-20), The crescentic, equant triangular, and fifa-
mentary forms seen in Hellespontus appear dark against
a light background. Photographs of crescentic or barchan
dunes ‘o Peru (Refs. X1-21 and XI-22) also have this
appearance, although it seems to be exceptional. In the
Peruvian cases. the dunes are found to be primarily min-
crals and lithic fragments derived from andesite. Infrared
interferometer spectrometer measurements from Mariner 9
indicate basic rock compositions (Ref. XI-23). Thus. the
sands of Mars mayv consist. not of quartz. but of dark
minerals deficient in silica.

Dune features of the Sahara desert reproduced from
H. T. U. Smith (Ref. XI-17, pp. 38 and 44) appear in
Figs. XI-3¢ and XI-3f: their scale is not given, but is
roughly comparable to Fig. XI-3b. The peaked dunes in
Fig. XI-3f illustrate that there are tvpes of individual
dune forms other than the barchan. The barchan with
its cresce Ltic form with horns trailing downward is the
simplest dune geometrically and perhaps the casiest to
understand theoretically. However, other types of indi-
vidual dunes are found terrestrially (Ref. XI-17), aud
we would not be surprised if individual dunes on the
margins of the Hellespontus feature have divergent
morphologies.

In summary, the suspected Hellespontus dune mass
has many features in common with terrestrial dune
masses including the scale and diversity of its surface
morphology. In the interior of the mass, these include:
{1) consistent trend of the subparallel widely spaced
ridges; (2) their irregular sinuosity; (3) local branching
of ridges; (4) even ridge spacing; (3) ridge length far
exceeding width: (6) presence of peaks and saddles along
ridges; (7) irregular marginal topography of some ridges;
(8) presence of flat ‘crrain, possibly the crater floor,
beneath some ridges; and (9) irregular crossing of the
widely spaced ridges by a lower set of narrow, short
ridges subparallel to each other, but oblicuc to the trend
of the main ridges. Alonyg the margins of the dune mass,
these similarities include: (1) presence of low, closely
spaced ridges parallel to the widely spaced interior
ridges (Figs. XI-2a, X1-2b, and XI-2c); (2) their sinuosity,
length versus width and local branching; (3) presence of
individual forms (Figs. X1-2a, XI-2c, XI-2d, and XI-2f);
(4) crescentic appearance of some individuals (Figs.
NI-2d, XI-2f, and XI-2h); (5) en cchelon arrangement of
individuals (Figs. XI-2c and XI-2f); (6) presence of
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oblique warginal ridges, which may be coalesced en
cchelon individuals Fig. XI-2g): (7) bending of widely
spaced ridges at their ends against the wmargin (Fig.
NI2he: and 80 irregular gronnd plan of the entire mass

(Fie. XI-1ay,

Structural and crosional forms show some of these
characteristics but not all; we can. therefore. find no
other reasonable explanation for the feature other than a
dune mass.,

3. Inferences About Wind Regime

The ridge mass we have been deseribing corresponds
closely to an arca of dark albedo on the crater floor.
Dark albedo markings on eriter floors are common on
\Mars, particularly in the Hellespontus region, and we
suspeet that, 1) these features are also dunes: and (2)
crater floors are favored sites for the accumulation of
dune-forming materials.

he mere existence of a luge accumvlation of dune-
forming sand in a paticular topographic setting tends
to imply a balance between the effects of winds from
several directions. Sharp (Ref. XI-24) described a dune
mass in California where topography has modified a
prevailing wind regime, He attributes the accumulation
of sand in the Kelso dunes to strong storm winds chan.
neled by mountain passes canceliing the effects of pre-
vailing westerly winds. Comparable topographic modifi-
cation of wind directions and intensities may cause sand
to accumulate in crater floors on Mars.

Some preliminary ideas about the wind regime in the
vicinity of the Hellespontus crater can be gained from
studies of albedo markings. Albedo stivaks emanating
from craters are the most reliable indication of wind
direction, but dark albedo markings biased to one side of
the crater floor have also been used to infer wind patterns
(Refs. XI-6 and XI-25; also sce Sections XV and XIII of
this Report). The mere existence of such a large accumu-
lation of dunc-forming materials in the Hellespontus
crater tends to imply a balance between the effects of
winds from several directions. However, dark albedo
markings in craters in the vicinity (presumably also dune
accumulations) lie in the northeastern parts of the crater
floors, suggesting dominant winds from the southwest. It
may be significant that the major ridge structures are
perpendicular to this direction; small features resembling
barchans (Fig. XI-2d) are bilaterally symmetrical with re-
spect to it, and the dark filamentary forms are roughly
aligned with it. We speculate that much of the dune
material is accreting from the southwest.
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C. Other Possible Dune Features

Many other features visible in the Mariner 9 pictures

volcame, or crosional features that have been highly
modificd m appearance by a mantle of dune sand. Some
examples of such features are discussed below.

1. Diverse Patterns in Dark-Floored Craters

A mosaic of high-resolution pictures (Fig. *1-4) shows
small-scale (20 to 30 km). dark-floored craters near 65°S.
The dark fluor of the crater with the more subdued rim
(lower left) is comprised of long, curving sub-parallel dark
streaks which divide and coalesce in a manner suggesting
the ridge structures found in terrestrial dune fields
(Fig. XI-3¢!. This pattern differs from that observed in
the Hellespontus crater. The ridges are lower and more
closely spaced and show much less branching and modi-
fication by cross-cutting ridge patterns. However, the con-
trast with the nearby dark-floored crater (Fig. XI-4. upper
right is even more marked. The rim of this crater is more
prominent: although the dark markings within it have a
sirailar shape and location. the fine structure within it is
entirely different. On the left side, it comprises five con-
centric dark-toned ares, indicating either concentrations
of dark material or steep slopes facing toward ti:e center
of the crater. There is some suggestion of a radiating
patterp transecting and modifving these arcs. To “he right
side. the ares merge and develop into deadritic patterns
branching into the northern parts of the crater floor and
terminate at the sharp albedo contact, which is found
about onc-fourth of the crater diameter inside the rim.

The gross features of the pattern in the crater at the
upper right are unlike those found in terrestrial dune
fields. Yet if the pattern in the crater at the lower left
is a dune ficld, the proximity, setting within a dark
albedo fcature, and the gencral tonal characteristics
would seem to argue that colian modification also is
involved in this crater. Perhaps the pattern in the crater
floor is polygenetic with radial and concentric structural
features controlling the distribution of dune materials;
voleanic flow fronts or impact melts also muy be involved.

2. Dunes Formed by Topographic Obstructions

While the dune-forming process can give rise to pri-
mary topographic forms in the middle of a flat and
featureless plain, pre-existing topography can, as we have
seen with the Hellespontus dune mass, control the loca-
tion of a dune mass. Prc-existing topographic features
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Fig. XI-4, Dark-floored craters near 65°S. In the crater with the subdued rim (lower ieft),
the ~ries of curving features resembles ridge forms found in dune fields. The detaii in
the owher crater (upper right) is more complex. The concentric circular features may be
structural or volcanic, but the general similarity in setting and iexture with its corapanion
crater suggests eolian modification. (IPL Roll 1571, 131138; IPL Roll 1571, 130245)

can also have a much mere direct influence on the loca-
tion and morphology of dunce. Climbing dunes and
lee dunes that are draped over mountain ridges arc
terrestrial examples. The features in Fig. XI-5 may also
fit this classification. All of them lie south of 65°S.
Figs. XI-5a2 and XI-5b arc immwediately peripheral to
the lay ered deposits of laminated terrain which occupy the
central polar regions in both hemispheres.

The extreanely regular ridge pattern (Fig. XI-5a) is de-
veloped from south of the crater rim and splays out intc
the central part of the erater floor, In Fig. XI-5b a ridge
pattern also is developeu within a crater floor; however.
in this casc, the south part of the crater floor is mantled
by several hundred meters of layer.  deposits. The
ridges are developed perpendicular to the escarpment
that represents the abrupt margin of these layered de-
posits and cxtends to the northwest away from the pole.
Both the features of Figs. XI-5a and XI-5b contrast with
those shown in Figs. XI-1, XI-2, and XI-4 in that the
suspected dune features are light against the dark craw:
floor. The ridge patterus-are also longer, straighter, and
exhibit fewer coalescing and cross-cutting members.
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The suspected dune features of Figs. XI-5¢ and XI-5d
differ from those of Figs. XI-5a and XI[-3b in that thev
are developed outside rather than inside craters. Curving
away from the rim of a crater near 653°S, 365°W, is an
assemblage of light and dark streaks extending toward
the northwest. In this particular case, however, it is
difficult to discriminate topographic relief within these
features. The existence of discrete filamentary forms is
strongly suggestive of terrestrial dunes. The feat res
cxtending to the northwest of the crater shown in Fig.
XI-3d are much less regular, but do exhibit topographic
relief. They may be dunes; they may also be residual
ridges which have survived the erosion of a thick blanket
of materials which once mantled a broad area in this part
of Mars.

3. Cratered Terrain Modification by Eolian Deposits

The observation of highly subdued, non-lunar-like
cratered terrains by Mariners 6 and 7 led Murray et al.
(Ref. XI-26) to conclude that a uniquely Martian process
was modifying the surface. The complete planetary map-
ping coverage provitied by Mariner 9 reveals an entire
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Fig. X1-5. Features resembling dunes which appear to be controlled by the topography of
the cratars with which they are associated. The features within the craters (Figs. X|-5a
and XI-5b) are close to the margin of Jaminated terrain in the south polar region, The
crater in Fig. XI-5b is partly mantled by laminated terrain, and the ridge features in the
crater floor are aligned perpendicular to the marginal escarpments, Figures XI-5¢ and Xi-5d
show possible dune features outside craters contiguous with the crater rims. (a) MTVS

4269-19, DAS 09986839. (b) MTVS 4222-1

2, DAS 08367879; MTVS 4285-67, DAS

10654504, (c) MTVS 4196-8, DAS 075C4633. (¢) MTVS 4162-27, DAS 06425203.

spectrum in the modification of cratered terrain on Mars.
McCauley (Ref. XI-5; also sce Section X of this Report)
recognized crosional stripping of cratered terrain in cer-
tain arcas of Mars, evidenced by erosional pedestals of
impact craters and ctching of cjecta blunkets. Impact,
volcanism, mass movement, and possibly even water
crosion are other processes that may modify cratered
terrains. Here we attempt to isolate modification caused
by deposits of dune-forming materials.

A pair of the mosi pristine impact craters so far
recognized on Mars is shown in Fig. XI-6a. The craters
exhibit the well preserved rim structures, central peaks,
and bright-ray patterns that are typical of Copernican
craters on the Moon. In Fig. XI-6b is a scene that is more
typical of Mars at almost exactly the same range and con-
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ditions of illumination and vicwing. The crater rims are
subdued, and the central peaks have disappearcd; the
brighc ray pattern has vanished and has been replaced by a
mottled albedo pattern. Such patterns are now regarded
as surficia) and time variable and attributable to eolian
activity (Ref. XI-4). This is a sufficient explanation for
the disappearance of the ray patterns; the loss of central
peaks and the muting of topography may also be ex-
plained by eolian deposits, although other meclianisms
may have contributed.

Figure XI-6c shows what may be another stage in the
modification of cratered terrains by eolian materials. A
wind-mobilized flux of material across the surface is in-
dicated by the occurrence of light and dark streaks ex-
tending from craters and other topographic protuber-
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Fig. X1-6. Modification of cratered terrains by eolian processes. (a) Uratered terrain n2ar
39°N, 30°W, in which ejecta patterns are preserved as albedo markings and the rims and
central peaks of the two large impact craters are preserved. (MTVS 4298-120, DAS
13460623) (b) A typical scene in which the albedo markings are attributed to eolian
activity; the subdued appearance of the surface at 63°S, 251 °W, suggests eolian activity, and
the subdued appearance of the surface suggests eoliai: deposition. (MTVS 4174-6. DAS
06820768). (c) Eolian deposition may have reached a more advanced stage with the devel-
opment of a complex toprgraphy on the crater rim near 25°S, 248°W. (MTVS 4240-32,
DAS 08981114). (d) Still further eolian activity is suggested at 10°S, 330°W, where sinuous
dune-like forms cover the inter-crater spaces. (MTVS 4288-27, DAS 11620533)

ances. However, the large 30-km crater does not exhibit
a simple rim or even a terraced structure, but consists of
a series of reguia, or en cecheloy, ridges with  roughly
bilateral symmetry about the axis represented by the
streak patterns. Some of this symmetry may be illusory,
a consequence of the albedo of the surficial materials
affecting the discrimination of topography. However,
this crater and othcrs like it are non-lunar-like and differ
in appearance from those found on many Martian ter-
rains. Dune accumulation may account for some of the
features seen here.

This deposition may not be confined to the crater rims.
The intercrater spaces also exhibit sinuous features
(Fig. XI-6d) which, in some cases, originate at crater
rims or are draped around them, Some of these features
appear to be channels (Ref. ».1-27; also see Section III
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of this Report). They appear to have been modified in
tonal relationships and subdued in topographic relief,
perhaps by accumulations of dune materials. However,
some of the dark sinuous features may actually be dunes
extending across the light intercrater spaces.

4. Suspected Dunes on Polar Laminated Terrains

The central parts of the polar regions are occupied by
layered depuosits, developing thicknesses of up to several
kilometers, and termed “laminated terrain” by Murray
et al. (Ref. XI-28), who suggest that these deposits arc
comprised of dust mixed with volatiles. A model for the
incorporation of dust derived from the cquatuiial and
mid-latitudes into the deposits has been developed by
Cutts (Ref. XI-9; also see Section XVII of this Report).
Some disagreement exists on the nature of the present
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surface of this deposit. Murray and Malin (Ref. XI-29)
contend that massive constructional features in the form
of plates account tor its main churacteristics. Cutts (Refs,
XI-6 arnd \1-9: also sec Sections XV and XVil of this
Report) presents an alternative view that wind erosion
of the lavered deposits can account for the absence of
impact centers and the pits, flutes, and grooves that are
intimately associated with the terraced slopes developed
within the lavered deposits.

Pits. flutes. and grooves, however, are not tt only
small-scale features seen on the surface of the iwyered
deposits. Figure XI-7 shows a series of distinctly different
feawures and testures which may be dunes. The most
convincing of these (Fig. XI-7d) is from the nmth polar
region; it strongly resembles terrestrial swarms of
barchan and transverse dunes, the former being marginal
features merging into the latter in the congested central
zone (compare with Fig. XI-3d). Figure XI-7c shows a
feature in the south polar region which may be similar.
Figures XI-7a ard XI-7b show peaked topography near
the limit of 1esolution along the crests of gentle slopes:
these could be peaked dunes. Figure XI-7e show topog-
raphy which is irregular in detail. but which has two
persistent trends of sinuous and branching ridges oblique
to cach other. Figure XI-7f shows features in the lami-
nated terrain, possibly similac to that of Fig. XI-7e, but
more irregular.

Even if one were to assume that all features on the
layered deposits are products of colian action, he should
question whether it is possible to distinguish erosional
features from dunc features wwhen the scale of all of these
features is only marginally above the resclution of the
images. This objection is a valid one, but there is other
evidence for distinguishing crosional from dune-mantled
surfaces which is applicable to the layered deposits.
Erosion of a layered deposit should produce a surface in
which materials have either been etched away or lie 1n
the configurations in which they were originally deposited
Dunes formed on a lavered surface will consist of loose
mobile materials, derived perhaps from isturbance of
the substrate, which mask and cover the surface layering.
The features of Fig. XI-7 display this laiter relationship.
For example, in Figs. XI-7a and XI-7b, the assemblages
of peaked topography embay and mask outcrops of
layered strata. In Fig. XI-7c we recognize albedo differ-
ences that are not duc to frost, that do not correspond
to contacts betwcen laminated layers such as those
visible in Fig. XI-7b, but that could be explained in
terms of a swarm of dunes overlying a dune-free surface.
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5. Elongate Depres sions of Amazonis-Memnonia

Large, clongate troughs of colian crosion are the proini-
nent landforms on two overlapping narrow-angle pictures
(MTVS 4171-57, DAS 06751223; MTVS 4254.55, DAS
09484799)* at about 1.5°N, 157°W, and covering an
arca  greater than 3000 km‘ in Amazonis-Memnonia
(Fig. XI-8a). In the second frame mentioned, which
shows them most clearly, they are northeasterly oriented
clliptical streaks with steep slopes, possibly slip faces,
along their southwest margins. extending in a semi-
circular arc of about 90° to the direction of clongation.
Most of them are 172 to 2 km wide by 2': to 3 km lopg,
but range up to 2': by 7 km; some streaks extend 15 km.
Some display a broad medial ridge, tapering to a point
at the southwest ~nd of the feature.

These features seem to have beern developed in 2
featurcless uncratered plain, probably a fairly thick
blanket of unconsolidated sediment. Stereoscopic exami-
natic . shows no aoticeable slope leading to the sharp
escarpments at the heads of the features. However, each
of five similar featurcs clustered in the upper left of
Fig. XI-8a shows such slopes and is barchanoid in form,
about 2 km long by 2 km wide.

Possible terrestrial aralogs to these troughs have been
found in a zone of intense colian sand flux in Coachella
Valley, California. On a sand plain, featureless except for
scattered bushes, troughs about 200 m loag by scveral
meters deep have been excavated behind buildings, There
appears to be some sand deposition upwind of the build-
ings, but a prominent crescentic slip face has not yet
developed there. These troughs have probably been cut
in less than 20 years. It is unknown what their eventual
dimensions may reach or what size feature might form
behind a larger obstacle.

Because the Coachella Valley features have formed in
sand, their Martian analogs are inferred to have formed
in noncohesive materials. For this reason we have in-
cluced them in the class of dune-like phenomena rather
than with the erosional pits forined in consolidated or
cohesive materials (Refs. XI-5 and XI-6; also see Sections
X and XV of this Report).

2Numbers in parentheses that appear in the text refer to Mariner 9
television pictures not included in this section, but which piovide
additional explanctory material. All Mariner 9 pictures may be or-
dered from the National Space Science Data Center, Code 601,
Greenbelt, Maryland 20771.
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Fig. XI-7. Unusual textures that may represent dune-forming processes on the laminated
terrains of the polar regions of Mars. These terrains are believed to have fo. .1ed originally
as layers of dust, and so an eolian origin eems plausible. The principal problem here may
be in distinguishing between constructional (dunes) and erosional forms, (a) MTVS 4240-16,
DAS 08979679. (b) MTVS 4242.2, DAS 09051572, (¢) MTVS 4229-8, DAS 08584179. (d)
MTVS 4298-6, DAS 13463049. (e) MTVS 4295-106, DAS 12906668. (f) MTVS 4149-21,
DAS 06029803,
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Fig. XI-8. (a) Elongate depressions in the Amazonis-Memnonia region of Mars. (MTVS 4254-55, DAS 09484799) (b) Depressions
in an area of active sand flux in Coachella Valley, Southern California (photographed by J. F. McCauley, reversed in printing}.

D. Implications
1. ASalwe ' & 7 e

The me * « .. w._ug evidence of dunes on Mars is pro-
vided by the cualescing ridges and diverse marginal
features seen in the Hellespontus region. The principal
implication of dunes is a supply of noncohesive particles
in the Martian surface environment and wind velocities
sufficient for saltation transport. The existence of a salta-
tion regime on Mars was irlerred previously by Cutts et
al. (Ref. XI-3) from the sharp boundaries of albedo fea-
tures in Mariner 6 and T pictures. Their conclusion was
later questioned by Sagan et al. (Ref. XI-30), who agreed
that the features were formed by wind action, but felt
that the sharp boundaries could be explained in terms of
abrupt changes in wind speed, causing suspended mate-
rial to be dropped. Dunes are not amenable to an alterna-
tive explanation of this : rt. Thus, we feel that we can
now confideutly assert the existence of a saltation regime
on Mars. Many implications of a saltation regime such as

2. Shapes and Variations of Albedo Features

The cxistence of saltation on the Martian ~urf ce may
explain the morphology and temporal behavior ot certain
albedo features. Craters also are in many areas associated
with light or dark streaks, which assume many mor-
phologic forms (Refs. XI-4 and XI-11). One variant,
shown for example in Fig. 1a of Ref. XI-8 (also sec Fig.
XV-1a of this Report) is a dark streak which originales
within the floor of a crater. One plausible explanation
of this phenom: n is thut the floor of the crater has
collected dark ¢ .ie-forming materials and that a blow-
out has occurred under conditions of unusually strong
winds. The subsequent tehavior of dark streaks might
be controlled by & variety of factors. If the substrate
were bedrock or lag gravel, then it might tend to remain
stable. If the substrate were mantled with dust, th~
newly introduced saltating particles might accelerate
change by removing dust particles from the vicinity.

wind abrasion, wind scour, and dust produciion are dis- bservations of varizble features suggest that certain é
cussid in Ref. X'-5 (also see Section X of this Report) types of albedo markings are stable. W. inight under- 3
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sand o two vy These boatures might corrospond
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to deat deposats o whach the aradn ~ize is too sonldl for
notion o be directh inituted by the vind Ref N0
Furth siore sources of Lirger particleos capable or sai-
ton and wladh could dieet dust porticles into the atmo-
sphere miche be o comsidorable distance from the dast
depoat. An dtamative evplanation spplies if the surface
s a Loz wravel In those drannstances. finer material can
bevome embedded hetween Larger fragments and can
hange the aibedo as it creates o reservoir of Gnes. The
tag gravel might then protect the reservoir agaimst cross.
winds. RS, U Smith Ref. Xi-15 has invoked this rea-
soninz to eyplam the persister o curiv £ <rosswinds of
Loch albedo streamens cinanating trom Jie homs of
barchan dunes withir  the Aleodores June e of

southeantern California.

3. Interpretation of Non-Eolian Features

The existence of sand fluxes and sand accumuiations
is an important factor to be emsidered in the interpre-
tation of non-colian features. Eolian activity is evidently
a process currently op  ting on Mars: therefore, even
the vounagest fluvial. vo' nic, structural, or impaci fea-
tures are | sceptivle ¢ some dezree of modificaion.
Eoun action can aiter the ondinal tonal relationships:
the d:rkness of die furrewws or channels in Fig XI-6d is 1
possible example of  his effect. It can abo bury the
original topographt. The possibility that will most con-
fuse interprctation. however. occurs when eolian
constructional forns (dunes) actnally resemble the modi-
fied forms of th- pnmary fluvial or volcanic features
being studied. TLis may be happening in Fig. XI-6d. The
eradational character of eolian modification also makes
highly ambeguoas age dating Lased on crater ubundances.

4. Age of Dunes

For crater-flcor dunes such as those in Hellespontus.
there are at le st fwo “ages™ of interest: the age of the
dune topography and the resideace time of colian mate-
rials within the crater. Oue possibility is that dune
materials have been continuously accumulating in the
dune mass for a loug period of time. Alternativesy, there
muy be a contin .ous or cpisodic flux of materials into
and oct of the dunc mass which is a temporary, although
large, veservoir of sand. If our interpretation of dark
streaks extending from c-aters as sand blowoucs is cor-
rect, then tk: » residence time of eolian materials in craters
sicn as thece must be rather short. The dune topogranhy
may be regenerated on a Jiffcrent aud perhap> m «ch
s.orte- time scale.
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Tt e posabulitios scem to Be more limited for the sis-
pedted Gane features of Lunated terrain Fieo N7
Here v suspect that deanes are actinally nsigratin . aeros
U nadd open plans, and teie distribution is not controlled
o closely by pre-eaisting topograp . The lavered de-
posits are rolativer voung geolagically CRefs. X149 and
NE-2S. dho see Seetron XV of thes Beport - and duse
ternation and development on thew surfaces must be
vouader il

5. Globali Variations in the Martian Surface Environment

Several lines of evidence susgest that eolian activity
is widespread it noc ubiguitous on N\ s, Pristine crataiced
surfaces are rare, and only devated voleanic features
such as the summit area of Nix Olvmpica display crisp
non-colian topography. Superficial coli.n effects are indi-
cated inmany areas as characteristic albedo features.
Suspension of dust has been observed direetly by
Meriner 9. and thick deposits o-e inferred to lie in the
faminated terrains of both polar regions.

The oxistence ef an eolian <altaticn regime is most di-
rectly demonstrated by the dune features of Hellespontus,
I* <e¢ews reasonable, however. that it is also a
planet-wide process and that dunes should not be con-
fined to this one area. Mariver 9 pictures suggest. but do
not prove. that dune structures are to be found in loca-
tions as divene as the eauatorial cratered terrains and the
polar laminated terrains with topographic structures close
to the sesolution Jimit (100 s of the Mariner 9 cameras.
The existence of saitation also implies transport and
abrasion of materials. Possible crosional features formed
by these processes. including deep stripping of craters,
plans, and volcanic features. are discussed in Ref. XI5
and in Section X of thiz Report.

1he significance of these observations and inferences
is perhaps draratized by a comparison with the lunar
surfac environment. The Moon is maatled with an im-
pact regolith which shows some selenographic: variations
in thickness and composition, but remarkably homo-
geneous morphologic and mechanical characteristics.
Tmpact recolith fonmaticn on Mars has not beer consid-
cred to be identical with that of the Moon: Mason (Ref.
Y131 has emphasized that the thin atmosphere of Mars
will reduce the amcunt of glass formed because it screens
out ali impacting meoteorites smaller than about 10 g
However, our corciusion from VMariner 9 observa ion: is
tiiat there is no homogeneous impact regolith on Mars.
On much of the surface it has been cither mautled in
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colian sand or dust or inodified. perhaps bevond recoani-
tion. by colian crosion. in ¢ertain arcas colian action may
he less effective. and an impact resolith or pristine vol-

canic surface 1o evist. Yot in most arcas, colian action with diverse surface envitonments.
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Xil. Sandstorms and Eolian Erosion on Mars

Carl Sagan
Laboratory for Planetary Studies
Cornell University, Ithaca, New Ycrk 14850

It is now apparent that windblown sand plays a major
role in the Martian environment (Refs. XIi-1 through
XII-3; also see Section XIT of this Report). The existence
of major particle transp-rtation events such as the great
sand and dust storm of 1971 implies the lateral transport
of large quantitics of material on Mars and provides a
conv: nient mechanism for the filli.ig of craters—an event
d.ectly implied both by the crater frequency-diameter
statistics (Refs. XH-4 and XIH-5), and by the appearance
of Martian craters. In addition, Mariner 9 has uncovered
a range of probable major deflationary features (Refs.
X11-6 and XII-7; also see Sections XV and XVI of this
Report). But because the Martian atmosphere has a
mean surface density more than two orders of magnitude
less than the corresponding density for Earth’s atmo-
sphere, the wind velocity necessaiy to initiate grain mo-
tion will be much larger on Mars. Such fast-moving sand
particles, saltating close to the Martian surface, can pro-
duce by coilision and subsequent abrasion significant
erosion of the Martian terrain. In addition, because of the
higher velo~ities of such particles on Mars, sccondary
particles, produced by ccllisions with the pulverized sur-
face, wili have sufficiently high velocities to themselves
produce abrasion. Because of the smaller atmospher.c
density on Mars drag is less, and srraller particles cin
abrade on Mars than cn Earth.
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Simple scaling analysis shows that the time for a
particle undergoing satation to reach the free-stieam
-elocity is « (pV)™!, which is a factor of 10 longer on
Mars than on Earth. However, the particle remains aloft
for a period « g, which compensates by a factor of
almost 3. The trajectories of saltating particles on Eaith
(Ref. X1I-8) show them to rise rapidly (the time to achieve
free-stream velocities) and then to fall slowly in a long
straight trajectory tangentiai to the ground. The rise time
is (( onc-third the fall time. Thus, in gencral, there is
adequate time for saltating particles on Mars to reach
free-stream velocities, and we will hereaft: identify such
particle and wind velocities.

We attempt here a calculation of the rate of eolian
erosion (both abrasion and deflation) on Mars. The critical
quantity is V., the threshold critical velocity necessary,
at the surface, to initiate grain motion. Qa Earth, typical
values of Ve, are ~20 ¢cm scc? (Ref. XII-8; see also Ref.
XI1-9). With the usual logarithmic dependence of V.
through the vclocicy boundary layer, typical winds in a
sandstormn at a few meters altitude are many meters per
second. At Ve particles about 170-um radius are set into
motion. Motion of smaller particles can be initiated by
momentum exchange with 100-xm particles, but larger
particles cannct be set into mction except at veiocities
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V"> Ve As the stress necessary to initiate grain motion
is ~p Vi where p, is the atmospheric density. to arst
order Vel for Mars should be a factor of 10 larger than
for Earth. More detailed calculations confirm this view
{Refs. X11-1 and XH-10 through X11-12), and we hence-
forth adopt for Mars V.. ~ 2 m scet. Corresponding
velocities ubove the velocity boundary layer on Mars are
mam tens of meters per second. Independent evidence of
such velocities during a dust or sandstorm is provided by
Mariner 9 observations (kefs. NI11-3. X11-13, and XII-14:
also see Scections XTI, XIX. and XX of this Report). The
critical radius at which particle motion is frst initiated is
about 200 pm for Mars {Ref. XII-1).

In a typical terrestrial sandstorm. there is a clearly
discerned upper boundary of the sand cloud at a height
2~ 1 m (see e v Ref. XII-8). The value of = depends on
the rebounding surface, Abrusion is restricted to this
lowermost meter. The bulk of the horizorial sand flow
occurs, however. in the lowest centimeter. A crude esti-
matc of = can be obtained from simple Newtonian physics.
as saltating particles will be entrained by the horizontal
wind component no higher than the apoapsis of their
Lallistic trajectories. Adopting the convmon approximation
that the vertical componen: of the wind is about one-fifth
the horizontal component. we find

2 =002V /g (1)

where Ve is a typical horizontal wind velocity within the
sand cloud and g is the acceleration due tc gravity. For
Earth, a typical value of V. in the lower boundary layer
when Ve is just reached at the surface is ~ 6 m sec?,
implying =~ 10 cm. For a sandsiorm, V.~ 20 cec!
implies 2 ~ 1 m. Equation (1) should provide an upper
limit on = within the uncenainties «n the rebounding
surface, but the trajectories of saltating particles (sce, e.g.,
Ref. XII-8) show them to be entrained within a factor
~ 2 of their apoapses.

Equation (1) can therefore be used to make a crude
estimate of the sandstorm heights on Mars. For V.
~ 30 m sec, =~ 5 m; for Ve ~ 100 m sec?, 3 ~ 50 m.
At the peak o' a Martian sandstorm, V. ~ 150 m sec ! is
probably not excessive, corresponding to u surface ve-
locity only twice Vs, in some formulations. In this case,
2~ 120 m. Accordingly, we adopt for majoi Martian
sandstorms = ~ 100 m. Under conditions described below,
even higher values of =~ may prevail,

From - alues of = we can derive typical values of n, the
number density of saltating grains in the sand cloud, by
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a consicleration of sand fluxes. The transportation rate of
saltating particles is known both from observation (Ref.
NXI1-131 and from first principles (Ref. XII-8) to be

q.= B(p,/2)V (2)

where B is a dimensionless multiplier of order unity.
Equation (2) gives the rate of sand transport in grams per
second per unit width of lane. For crosion problems wo
are concerned with a flux of particles in grams per square
centimeter per second. The corresponding expression is
then

F == (fp./g=)V. (3)

where f is the fraction of the year characterized by sand-
storms of velocity V.. We can alse write

F >~ nmV 2 (4)

where n = n(z), and m is the mass of the saltating par-
ticles.

We note for future reference that if ¢ is the normal
incidence optical depth through an acrosol-filled atmo-
sphere, n ~ br/oz, where b is the cross-section weighted
fraction of aerosols in saltation rather than suspension,
and o is the geometrical cross section ~ =a*. Thus,
alternatively.

F ~ (fmb+/az) Ve (3)
Combining Equations (3) and (4), we find
n = (p.Vet/mgz) (6)

For Earth, V. ~ 10 m sec and = ~ 1 m yield n ~ 700
cm-*. This figure is consistent with the common descrip-
tion of visibility s < 1 in in an iutense terrestria! sand-
storm: n ~ (v/as) ~ 100 cm -*,

Likewise for Mars, Ve ~ 50 m sec*! and = ~ 100 =
yield n ~8 cm. The larger sandstorm thickness and
lower atmospheric density dominate the larger velocities
and make Martian sandstorm densities less than ter-
restrial values. From the speed of fallout of the 1971 sand
and dust storm, it is likely that b > 10-? and possible that
b > 10!, During the storm » > 2. Thus, nez > 2 X 102
and possibly > 2 X 10, where n > 2 X 10* ecm and
possibly > 2 X 10-2 cm™, Finally, Hertzler (Ref. XII-16),
in wind tunnel experiments discussed below, generated
sandstorms under simulated Martian conditions with mn
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ranging from 10 to 1¢ g cm . For his 100-um particles.
this corresponds to n between 100t and 10 2 e . Thres,
the calculations and the observations snply reughly cons
sistent values of n. We adopt for Martian sandstorms
n~ 10" cm .

The two crude estimates of = embodied in Equations
(1) and (6) imaply

n -~ (2p./m) (7

which vield. both for Earth and Mars, values of n (150
and 0.2 «m . respectively) consistent with the above
estimates which involved explicit choices of V.. Equation
{7V evpresses the condition that the energy density of the
atmosphere. due to bulk motion. p,V+<, equals the kinetic
energy density, 'z nmV-, of the saltating grains.

Becouse the eolian abrasion rate goes as a high power
of V. information on the highest velocities available in
a saudstorm is important An absolute upper limit on V.
is Ma = 1 ~ 200 m sec?, only a factor of 2 larger than
some anticipated sandstorm velozities, Saltating particles
striking the surface eject into the atmosphere suspendable
dust grains too small to be picked up directly by the
wind. This momentum cxchange results in a small frac-
tion of the dust having velocities in excess of the saltating
sand. This is one reason that the erosion rate mayv be
weighted toward particles with V > V.

There is another, more entertaining, possibility. The
Clausius mean free path for grain-grain coilisions for all
particles with the same velocity is

A = (0.75/na) (8)

The number of particles with free paths shorter than x is
1 — exp(—x/2), s0 10% of the grains have x < 0.1), etc.
The horizontal displacement of a saltcting particle is,
from Equation (1) and 2 ~ "2 gt?,

I~V ~02Vei/g ~ 10z (9)

which also corresponds to the observed trajectories. In
the 1971 Martian sand and dust storm, A ~ 80 m [for
n ~ 107 cm~*] « L One-tenth of the particles encounter
more than 100 collisions in a single equivalent trajectory.

Thus, the circumstances of large numbers of grain-
grain collision, uncommon on Earth except in the densest
sandstorms always .. limited areal extent, may not be
uncommon on Mars. The net result is » tendency for the
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velocity distribution function of sand grins to approach
Mavwell-Boltzman, statistics. Unlike a molecular gas, this
sand grain gas iy largelyv two-dimensional ¢in the pre-
vailing vind direction). and the collisions are much less
inclastic. The following bricf discussion. assuming strict
Maxwell-Boltzmanu siatisdes. represents only a limiting
case to the true Martian sandstorm. For Ve ~ 100 m sec™.
the kinetic temperature of the sand grain gas is ~ 10-* °K.
Becuuse of the logarithmic variation of velocity throuch
the boundary laver and its slow variation above, the grain
gas will be approximately isothermal with a scale height.
H. just equal to the molecular gas scale height of the
Martian atmosphere. H > = now because of the high-
velocity Maxwell tail of the distribution tunction. The
partial pressure of the sandstorm particles at 100 m sec ?
is ~ 0.3 mb. Other propertics of a 10*" °K two-dimensional
arain gas in contact with its condensate at ~ 0°K will be
described elsewhere. The primary conclusion is that
grain-grain collisions produce a high-velocity taii to the
velocity distribution function. For Maxwell-Boltzmann
statistics ~19% of the grains for V. ~ 100 m sce! will
be transonic (between Ma = 0.9 and Ma = 1.0).

We have mentioned that the rapid decline of the 1971
storm impiies, through the Stokes—Cunningham cquation,
saltating grains as an important source of opacity. The
fact that only the tops of the volcanic peaks in Tharsis
were visible by Mariner 9 in September and October
1971 suggests that sand grains “re then aloft at altitudes
of about 10 km, consistent with the = ~H derived here,

The collision cross section, o, of the grains is also
approximately the absorption cross section for photons.
Thus, the condition A < z for rrequent collisions and a
high-velocity tail also corresponds to the condition
br > 1 f- a substantial optical depth in saltating par-
ticles. It is possible that the grain-grain collisions con-
tribute to the self-sustaining nature of the sandstorm.
During the storm, the energy ensities of saltaiing
part -los and of atmospheric motions of gas are com-
paravie [cf. Equation (7)]. For saltation over 10% of
the area of the planet, a few weeks of solar insolation
provide enough energy for V. of a few Llens of meters/
second. This time scale is consistent with the observed
time scale for generation of the 1971 Martian storm. We
note in passing that Equation (7) for A = z and Equation
(8) yield z ~ (ps/pa)a ~100 m, where p; is the particle
bulk density ~3 g cm-*,

I have been unable to find a published analytic ex-
pression for R, the rate of sandstorm colian erosion near
a planetary surface. R clearly depends on a high power
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of the freestreanm sanastorm velocity, Voo A factor ot
Ve arises from the Rinetic energy of impact. An addi-
tional tactor ot Ve arises from the teprosantation of the
Hux as @ number density of particles, n, times a velocity.
Furthermore, nomay increase with a power ot Ve de-
pending on the vertical height of the sandstorm The
cfficiency of abrasion also may increase with Vel We
anticipate Ra Ve wherey > 3.

One em- of rock contains ~¢ - equivalent components,
cach the size of the saltating particles. assumed to
be of uniform radius a. Therefore, cach target of this
ize is collided with evers ¢ - ma */F seconds. a quantity
independent of a. Here m is the particle mass. Almost
independent of the mineralogy . the bond spacing is on
the order of 1T AL Assumne cach bond has an effective
enerey E~3 eV ~5: 10 eres. Therdfore. in the
cauivalent cross-sectional area of an impacting particle.
the eroding face has ~10¢° bonds. and ~10"a-E ergs
per face. As there are five faces connecting an exposed
target volume to the rest of the rock of which it is a
part. ~3 ¥ 10" a-E ergs are necessary for dislodgeniont.
The number of impacts necessary for dislodgement is
the ratio of this quantity to the kinetic encrgy per salta-
ting particle An efficiency factor 5 has been introduced
to collect in one place the dependence of the abrasion
on the target Londing, clasticity, and composition. and
the composition and shape of the saltating particles. It
represents the fraction of the wmpacting kinetic energy
comverted to abrasion. Thus.

R = 1.0 X 10 77 ay(F/E)W- (10)
Combining Equation (10) with Equation (4) vields
R =10 X% 10 7 (agfnm/EV ! (1
while Equations (10) und (3) vield
R = 1.0 X 10 ¥ (ayfp./g=E)V+" (12)

Whether we consider v = 3 or + = 5 depends on whether
we hold n or = constant, Because 2« g R is indepeadent
of g. We now compare our results with observation.

Kuenen (Ref. XI1-17) experimented on the production
of ventifucts by sandblasiing hard rock in a wind tunnei.
Erosion was deterinined by weighing. In a typical experi-
met at Beaufort Force 6, a mass loss am/m = —0.06 was
accomplished in 2700 experimencal hours. This corre-
sponds to Aa/a = —0.02, an., [or an initial 300-g rock,
to a loss of 92 X 1072 em. By adopting Kuenen’s correc-
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tion for the ratio between the quantity of

motion in his wind fumel and in nature, we find trom
ventitaets B~ 32 - J0 omosee o V. IE s

svand set into

In the same ezperiment. using the same sand  srans
demm diametery at Beantort Foree 100 0~25 1 se¢ "y,
R~ 22 - 107 emsee is tound. Thas corresponds to
v 5tz and soare imagined independaat of Ve confinm-
ing the ideas behind Equation (120 In another ~peri-
ment ina circuit teanel, suminarized in Table 2 of Ref.
X117, adain varies between 3 ard 5 over a modest
range in V-0 Ersjon rates in a third experiment. sum-
marized in Tigure 4 of Ref. Xil-17. imply R~ 4 - 107
emsee P for f - 1 at Ve = 13 m sec . There i some
variation among the results obtained in different wass
by Kuenen. a va “rtion casily understood in ter ws of the
differences in his proced res. In some cases erosion of
rock by sand is being measured: in others, of the sand
itsclf. The results  his Table 2 suggest that when the
soft parts of sand grains were eroded away the efficieney
ot subscquent abrasicn declined. Combining Kuenen's
resulis with Equation 11 to derive o we find

4 X 10 V=20 (arains) = 4 < 10+
410 =, {rocks) = 4 > 10+

(I3

Another test of this formulation is provided by wind
tunnel experiments performed by Hertzl: ¢y Ref. Xil-16)
in the McDonnell Aireraft 14-foot environment simulator.
Piles of silica flour in the size range of 1 to 100 pm and
white sugar sand in the size roage of 100 te 700 pm were
subjected to t, pical Martian surface pressures and high
fow velocities. The velocities measured refer to some
constant level within the velocity boundarv laver, but
experiments also were performed on the threshold veloc-
ities under Earth ambicent conditions. Because we know
for the particle sizes in guestion that the critical thresh-
old velocity is ~20 em seet (Ref. X11-8), it is po..ible to
scale to first order Hertzler's reperted velocities to Mar-
tian surface thresnold velocities, The comparison is crude
and differences between boundary layer physics of Mars
and Larth will enter; but these cffcets are unhikely to
significantly affect the first-order results. Hertzler finds,
for particles within this size range, values of Ve, between
L3 and 29 m scc ', This range includes the extremes of
the oxperimental uncertainties, and a nean value of
about 2 m sec™! in agreement with other theoretical re.
sults srems appropriate. Doubling the ambient pressure
almost doubles V., a pressure dependence slightly
steeper than conventional theory implies (see, for exam-
ple, Ref. XII-1). These wind tunnel experiments find that
larger flow velocitics are needed to saltate smaller par-
ticles, as conveational theory predicts.
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Hertzler also performed experiments on abrasion. for
instance of aluminum surtaces coated with zine onide.
In one experiment particles were transported at Ve ~ 160
m sece T wiath a number density i~ 107 o for 1600
see. A 1-mil zine oude coating was completely eroded.
and substantial abrasion of the underlving aluminum
was observed. Corresponding figures apply to many other
surface coatings. The overall erosion rate is about 10"
cm see boor soniewhat larger, Comparison with Equation
(11} tor Hertzler's n, a. and Ve gives y ~ 100 to 10 not
significantly  difterent from the 5 (rock) values from
Kuenen [Equation (133].

What velocity is necessany for a single incident particle
to dislodue its own mass? From the discussion leading
to Equation (101, this critical velocity Ve, = (1007 «’E/
my)'. For the numboers we have already employed,
Ve = l4y " msec . For y ~ 10 (V. =~ 440 m sce™’ ~
Mach 2. Also Ve, = «'%. Thus. no grain moves at V., on
Mars The low values of 5 for both Earth and Mars may
be related to the fact that cumulative impacts are neces-
sary for dislodgemeut.

Inland winds of Beaufort Force 6 biow on Earth a
fraction f ~ 0.02 of the vear (Ref. XI1-18). With 5 = 4 X
10" and 1 ~ 100 e we find that, if dense sandstorms
are stirred by such winds, they produce an erosion rate
~ 3 Ascc ! in the lowest meter. Such sandstormis are not
frequent on Earth. and aqueous and other crosional
processes dominate.

On Mars the astronomical evidence suggests that sand-
storms arc much more frequent, The 1971 planct-wide
storm lasted for f > 0.15 a Martian ycar. There is cvi-
dence that such storms occur every perikelion, although
gencrally with shorter duration. Because of collisionai
injection of high-velocity suspendable particles into the
atmosphere, and  collisional approaches to Maxwell -
Boltzmann statistics, I take the effective V. for abrasion
as 30 to 100 m sec™'. With f ~ 0.1, y ~ 10", and n ~
1072 em™, we find for Mars

R~ 1022 em sex! (14)

This large number applies to present cunditions. In other
epochs aqueous erosion may have been more important,
and eolian less. The chief wncertainty in Equation (14)
is in n. As the sandstorm height ranges from 100 m to
8 km on Mars, abrasion there can play a major role in
the erosion of mejor features, not excluding production
of the cliffs at the bases of large Martian volcanoes,
where n should be large.
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We can also estimate crudely the colian deflation flux,
£ o of saltating particdles on Mars. From Equations (2)
and (9).

F, 'fpJaliVe =~ 5fp,V- (15)

This Ieads to very high value ot deflation. But saltation
cnsures, in the most general case, a ne.r- Vrium
between deflation and deposition for saltating, ar scles.
The rate-limiting step then is not defizticn, Hut the
avoidance of deposition. Topographic control cf defla-
tionary hollows thus seems to be of importance. The
deflationary fluxes F.o are grams per second per unit
surface area. and should be distinguished from the salta-
tion flunes, F. discussed earlier. which are grams/second
per unit arca normal to the saltation. From Equation (4),
tvpical values of F for Earth are ~10° particles em~
see’, ar for Mars the same value for n ~ 10! em—*.

Because of the V- dependence, it is clear that places
on Mars which tend to have unusually high prevailing
winds may have significantly greater eolian abrasion and
deflation rates than places otherwise comparable but
with fower wind velocities. A factor of 2 in the prevailing
peak winds is worth almost an order of magnitude in
the ercsion rates.

These crosion rates imply that small craters on Mars
with diameters below a few tens of kilometers, especially
those in highland arcas, have ages much less than the
age of the surtace of Mars. This is consistent with the
cratering statistics and the morphology work of many
authors (sce, e.g., Refs. XII-4 and XII-3}. For example,
Chapman ct al. in Ref. XII-4 find, for craters 10 to 25 km
in diameter and for some models of the distribution
function ot impacting objects and cratering physics, ages
of tens to hundreds of millions of years, quite consistent
with Equation (14). These results also imply that large
v anic piles found on Mars (Ref. X11-19) are probably
no morce than hundreds of millions of years old, especially
in view of the high-velocity slope winds which should be
generated in their vicinity (Refs, XII-20 and XII-21).
This conclusion is in accord with the ages determined
from the crater densitics on the slopes of the volecanoes,
normalized by the Phobos and Deimos cratering densities
(Ref. XI1-22).

For the erosion of very large objects, abrasion may
procuce slumping of, for example, crater ramparts or
mountain bases, without cntirely removing the relevant
geometric forms. Our colian abrasion rates are ‘arge
compared with terrestrial eolian rates, but comparable
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to or smaller than terrestrial aqueouns erosion rates. Just
as major tectonic features are not rapidly feveled by such
crosion on Eaith, thay <hould survive eoli-n abrasion
on Mare

Nevertheless some crater-poor terrains may be pro-
duced entirely by colian crosion, rather than by other
processes which have been postulated to date. These
crosion rates are sufficier (v great that differential erosion
of hard and soft 10ck parts should be marked. Numerous
ventifacts of the sort described for eolian regimes in
Antarctica by Morris et al. (Ref. XII-25) may be pro-
duced. Because, as Morris et al. stress, some of these
ventifacts have a marked artificial appearance, there exist
possibilitics for misapprehension about the nature of Mar-
tian landforms as viewed from a lander camera or high-
resolution orbiter camera

In other regions the wind velocitics may be much less,
and in these regions we may see very old craters of
modost size. The combined analyses of numerical circula-
tion models from temperature f.1d results from the infra-
red interferometer  spectromneter and  streak  statistics
imply that. for example, equatorial wind regimes may
differ from high-latitude wind regimes on Mars, and that
the winds may vary greatly from place to place on the
surface (Ref. XII-3; also sce Section XIII of this Report).
Accordingly future cratering statistic studies dirccted
toward determining erosionat processes should not per-
form global cratering averages, but should be performed
region by region.

Hartmann (Ref. XII-24) has derived, from his exam-
ination of Martian cratering statistics, the result that there
was a discrete epoch of high crosion after the initial ac-
cretion of the planct but belore later cratering events.
'This view is not operationally distinct from the implica-
tions of this section which are that significant ero-
sion and filling of craters have occurred contempora-
neously with their production and since the accretion
of Mars.
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Ou: results also apply to questions of the sterilization
and survival of space vehicles intended for landing on
Mars., With an crosion rate of about 1 em yvr' an un-
sterilized spacecraft deposited on the surface of Mars
would after seme vears be eroded to a depth of centi-
meters, thus releasing all unsterilized organisms within
the surficial layer. On the other hand, about ' erg is
released per impact event. and some significant fraction
of that should go into heating. It is theretore likely that,
because of the high values of saltation velocity on Mars,
erosion events are self-sterilizing, The abrasion rates also
imnply the entire removal of some vurieties of spacecraft
surface coatings during a nominal 90-day mission. This
is another reason why times and places of low-velocity
winds should be selected for spacecraft landings.

These high abrasion rates, combined with the high
espected crater and negative relief filling rates, imply
that we see back only part way into Martian history at
scales of hundreds of kilometers or less. Thus, if very old
small volcanoes on Mars were absent, this would not
argue againt ancient volcanista on the planet. The ab-
sence of old sinuous channels does not argue against
channel preduction mechanisms in the early history of
the planet, and <o on (Ref. XII-4).

The amount of dust made available on Mars by this
abrasion can be considerable and, depending on the rate
of tectenic construction of new surfaces, may be not
inconsiderable compared with other sources of dust gen-
cration such as micrometcoritic infall or fragmentation
during crater formaticn.

If the Martian climate is unstable in the sens~ of hav-
ing episodes of abundant liquid water, temperature
gradients during each epoch should be much more mod-
crated than today and wind velocities should be much
less. However, aqueou, erosion processes would then
occur.,
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XIlll. Variable Features on Mars Il:
Mariner 9 Global Results
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Chne of the principal objectives of the Mariner 9 mission
was to cxamine, at high resolution and cxtenled tiine
baseline, the long-observed surface albedo vanations on
Mars. The preliminary results of this investigation have
been presented by Sagan et al. (Ref. XIII-1). The time-
variable Martian dark ".rreas and representative semi-tone
areas were found commonly to be resolved into two .inus
of fine structure: streaks and splotches. Most streaks
emanate from craters, although some begin it positive
relief features. Bright streaks tend to be long and narrow;
dark streaks are shorter aud broader. Typical streak
lengths are ten of kilometers. Splotches are inegulur
markings that exhibit a significant tendency to be located
inside craters. often asymaetrically against a ciacer wall.
Bat larger splotches may wash over crater rampar.s orto
adjoining terrain.

JPL TECHNICAL REPORT 32-15%0, VOL tV

Systemati: obsetvations have been made of a large
varicty of splotches and streaks during the mission. In
many - ses, all threc photomeiric angles were held
closely constant so that true variations in the albedo of
these markings could be separated from changes in
shadows and the effects of the surface scattering func-
tion. These ub.ervations were designed to detect relative
albedo changes within the field of view. No conclusions
are based or absolute ynotometry. Major variations in
splotches and dark streaks were uncovered with a char-
acteristic time scale for variation <2 weeks In many
cases, variations on a time scale of 1 day were sought;
such rapid variations must be relatively uncommon, as
none were discovered. No variations of bright streaks,
either in productior or dissipation, were found. In sev-
er. Yocales, most notably syrtis Major, the configuratiun
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ot dark and bright streaks corresponds remarkablyv well
to the classical Earth-besed configuration of the dark
arca which the streaks costitute, Observed tone varia-
tnons - the distribution of such streaks correspond to
regions in which the albedo variations were previously
observed from Earth. Sagan et al. (Ref. XIII-1) proposed
that the distribution and time variation of streaks and
splotches are the causes of the classical seasonal and
secular variations of Martian albedo markings.

Two principal hy potheses were prop .0 m pre-
Mariner 9 days to explain these voriations: biology and
windblown list. While convincing  evidence against
biological explanations are not forthcoming, mainly be-
cause a wide range of properticc can be proposed for
hy potletical Martian ore.misms, ¢ ¢ evidence of Ref.
NII-1 is strongh in favor of winawwwn dust producing
streaks and splotches and their time variations. A range
of cxplanations of the sti "s and splotches was men-
tioned in Ref. N1I1-1. For example, bright sceaks might
be produced by bright dust trapped in negative relief
dust sinks (such as crater bottoms) in the waning stages
of the dust storm. and subsequently deflated by strong
gusts. Or fine dust, deposited umiormly by a dust storm,
may subscquently be stirred up. suspended. and blown
away because of collisions with saltating grairs, every
where but in the lee of criter walls where the wind
velocities are low. Examples of both of these cases on
a smaller scale are known in Antarctic dry vallevs (Ref.
XI'1-2). Alternativery, dust darker than the mean »thedo
of a given arca might be layered down by the wind from
a prevailing direction everywhere but in the lee of crater
ramparts. But in these cases, as with other explanations
of the streaks, they will point in the direction of the wind
flow. Thus, it was proposed in Ref. XIII-? that the streaks
may be natural wind vanes and, possibly, anemometers,
placed down on the Martian surface.

In this section, we present global maps of the .treaks,
streak/splotch correlations, and a comparison of wind
flow patterns deduced from these maps with results on
the general circulation of the Martian atmosphere. We
derive a new estimate of the wind velocities recessary
to initiate dust movement on the Martian surface, exhibit
detailed examples of variations in three regions of Mars,
and present new vonclusions on the mechanisms of wind-
initiated albedo changes.

A. Global Streak Maps

The entire surfice of Mars was mapped for streakr,
both bright and dark. The primary Jata product on
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which the mapping was based were Ozalid mosaics of
wide angle pictures prepared b the Astrogeology Branch,
.5, Geological Survey. In addition to being a conyenient
Guta source, tor example. allowi-c easy mapping ot
streaks which traversed wide-an_.o pictuie bound. ries,
it also limited our cfective maximum Jetectable st-eak
length to about 19 km. There are many smaller streaks to
be seen on narrow-angle pictures. but Meariaer 9 has 1.0t
provided adequate narrow-angle .overage of Mers 19
permit  uscful  high-resolution  streak  mapping.  The
mosaics cover the time interval between revolutions 101
and 222 corresponding, to L. = 320° to 353°, or late
summer in the southern hemisphere. Our results apply
only to this scason.

Quite different rosults may apply to other seasons.
This is indicated by the fact tlat only the appearance
of dark streaks, never the remova. of dark streaks nor
the appeara: of bright streaks was observed during
this time interval. Such a situation -annot continue indefi-
nitely if Mars is to niaintain the general Earth-based
appearance it has exhibited for more than a century. On
the other hand, the frequency oy alteration of streaks
observed must represent <ome integration of streaks
produced recently and streaks produced at some more
remote times, perhaps on the erder of 1 year into the past.

Streaks were mapped by four differect co-authors of
thi= - _ction, with significant overlap among their comts
tc ziarantee no major systematic crrors caused by per-
sonal equation. The relative number of marginal streaks
proved to be few, primarily cases on the borderline be-
tween short streaks and long splotches, spilling over
crater walls. The finu) streak maps were carefully procfed
against the original compilations. In the present study,
we are concerned only with the weather vane, not with
the hypothesized anemometer, aspect of the streaks.
Accordingly, streal” leagths are displayed on two scales:
the short arrows correspoad to streaks < 60 km long;
the long arrows correspond te streaks > 60 kr loag.
Dark streaks are represented by solid arrows, bright
streaks by dashed ..rrows. The resalts are displayed in
Figs. XIII-1 through XIII-7 in Lambert conformal and
Mercator maps. There are some wheie the number of
parallel streaks was so great in a given small area that
representation of each streak on maps of this scale would
have been impossible (Fig. 16 of Ref. XIII-1). In such
cases, all regions of great arrow density, only a repre-
sentative sampling of streaks is indicated. No loss in
gencrality for streak direction results fiom this convention.
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Figures XII-5 and XII1-9 show the streaks in Mer-
cator projection on Earth-based albedo and Mariner 9
topographic maps, respectively. The existence of the
north polar hood and an apparently real paucity of
streaks in the south circumpolar region for the L, of
these obsenations is the reason for the blank areas in
the north and the absence of streak maps for regions
soutl, of —63° In Figs. XIHI-8 and XIII-9, only the
prevailing streak direction within cach 10° by 10° grid
square is shown. Where there are wwo prevailing direc-
tions, Iath arc shown, As indicated in the rosette diagram
for tac Solis Lacus region (Fig. XI111-10), one or two
vrevailing directions are almost always a good approxi-
mation. Where there is 2 notably high density of streaks
in a grid square, it is represented by a thick arrow. Wind
directions have been plotted for both bright and dark
streaks, which in some regions give concordant and in
other regions discordant directions, probably because
they have been produced at different times.

B. Iraplications of the Streak Maps
Wa have previously shown (Fig. 16 of Ref. XIII-1)

_that the configuration of Syrtis Major corresponds well

JPL TECHNICAL REPORT 32-1550, VOL. IV

to the distribution of constituent dark streaks. In Fig.
XIHI-11, we similarly plot the distribution of streaks in
the wicinity of Solis Lacus, a well known <easonal and
sccular variable. The Earth-based outline of Solis Lacus,
circa 1969. after the Lowell Observatory cartography,
also is shown. Considering the variability of this feature,
the agreement between the classical configuration and
the locus of streaks is excellent, consistent with our pre-
vious conclusions. We propose that marked secular
changes in Solis Lacus [see, e.g., Ref. XIII-3, p. 140] are
due tc extraordinary wind regimes, redistributing fine
dust in this area. Other factors being equal, small dark
regions surrounded on all sides by bright areas should
be more susceptible to eolian sccular changes (Ref.
XII1-4). Ultimately a reconstruction of several different
wind regimes, a kind of eolian stratigraphy, should be
possible from data such as exhibited in Fig. XI1I-11. We
return to this subject elsewhere.

In addition to specific cases, such as Syrtis Major and
Solis Lacus, we see frcm Fig. XIII-8 that the global
distribution of streaks vorresponds well to the general
configuration of dark areas as viewed from Earth. In
these figures there are many cases where two different

185
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How dircetions are in evidence We spteepret thic ac the
renmants of the How regimes i the Martian atmosphere
i two different epochs, probably two different seasons.
it aho is possible that a subset of ow directions belongs
to the great 1971 dust storm and is not typical of wind
patterns i the thsence of global storm systems.

In the latitude band between 20°N and 2078 in Figs.
NHE-3 and XI5, there s a clear endeney {or the flow
to be from the northeast north of the equator and from
the northwest south ot the equator. This pattern corre-
sponds to the zonally averaged surface wind calculated
by Leovy and \lintz (Ret. XIH-3) for southern hemis-
phere summer. It also appears in the wind field maps
derived from the Mariner 9 infrared  interferometer
spectrometer (ERIS) experiment (Fig. XIH-12). The IRIS
wind ficlds are determined from the pressure-
temperature profiles obtained by inversion of the infrared
cmission spectrum. The results above the surface bound-
wiy laver displaved in Fig. XIHI-12 were derived by
Dr. J. A. Pirraglia (cf. Refs. XI11-6 and XII1-7; also sce
Section XN of this Report) from temperatires during
the dust storm. An approvimate dynamical theory is
used. It is especially important for our purposes that:
i1} topography is neglected, and (2} the results are most
uncertain close to the equater. Winds at the equator are
probably overestimated. The general configuration of the
flow pattern is probably correct. however, and the agree-
ment between the caleulated winds and  the  streak
orientations in the latitude band #20° is remarkably
vood.

At equatorial latitudes the caiculated winds are strong-
est and are practically steady. At higher latitudes their
magnitudes are less and the direction varies during a
diurnal cvele. Pirraglia’s calculation isolates the large-
scale steady winds from the diurnally varying winds. We
know that there is a range of other winds expected on
Mars, including slope and obstacle winds driven by the
large clevation differences (Refs, X111-8 through XI111-10),
and winds driven by the large temperature gradient be-
tween frosted and unfrosted polar ground (Ref. X111-11).
At higher latitudes, we might expect such winds to dom-
inate, and the steady component that Pirraglia calculates
to dominate at low latitudes.

The streak maps (Figs. X1I1-1 through XIII-7) support
this con‘ention. The flow indicated at high latitudes does
not correspond to that predicted either by Pirraglia or
by Leovy and Mintz (Ref. XIII-5). An interesting regu-
larity at higher latitude is the indication of « steady

JPL TECHNICAL REPORT 32-1350, VOL. IV

easterle How Component at lattndes 200 to 40°s. This
is the Tatitude range and initial direction of flow of the
1971 global dust storm. and it is not impossible that this
flow compouent 1s a marker ot that storm.

Other peculiaritios may be connected with topography.
There iy the apparance of radial flow awayv from a
region centered at 3 N, 110°W. This 18 the area ot
Tharsis, the highest region on Mars., The dow markers
suggest wind transport downhiil here, although this is
not the predicted flew direction in the vicinity of such
clevations in current theories during davtinie Such down-
hill flows are common on Earth at night. however. be-
cause of radiative cooling of the ground. A divergence or
bifurcation of the flow patterns near 20-5, 1HOW, <enns
to be connected with the presence of rough terrain there
(Fig. XHI-3d): the wonds appear to move to avoid the
rough region.

The preceding results provide us with a new estimate
of the threshold velocity necessary to initiate grain mo-
tion on the Martian surface There is a modest variation
among various recent estimates of the critical velovity, V
above the surface boundary layer necessary to initiate
grain motion on the surfacc. Sagan and Pollack (Refs.
XIIL-12 and XIII-13; also sce Ref. XIH-1) ¢stimated this
veloeity at about 65 m sce™! for a 15-mb surface pressure
level, about 80 m sec™ for 10 mb, and about 110 m sec™?
for 5 mb. Golitsym (Ref. XIII-14) proposed that these
values may be reduced by about 30% by introducing
sharp roughness gradients. Hess {(Ref. XIIJ-13), recal-
culating the problem, derives V for an 8-mb surface pres-
sure to be between 38 and 60 m sec™', depending on the
velocity distribution function through the boundary layer.
Yet another independent estimate, by Gierasch and
Goody (Ref. X111-16), derives about 30 m sec™ for a sur-
face pressure